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FOREWORD 


Tins  report  covers  research  and  development  work  conducted  for  the  United 
States  Air  Force,  Air  I-’orce  Aero  Propulsion  Laboratory,  Wright- Patterson  Air 
Force  Base,  Ohio,  by  Lear  Siegler,  Inc.,  Power  Hquipment  Division,  Maple  Heights, 
Ohio,  in  accordance  with  tin  requirements  of  Contract  Number  AF  13(615)3625. 

Work  was  conducted  under  Air  Force  Project  Number  812808,  Budget  Program 
Sequence  Number  6(63812  8  62105214)  and  was  monitored  by  Mr.  P.  R,  Bcrtheaud, 
AFAPL/POP-  I .  The  research  period  was  June,  1%6  through  August,  1 070. 

This  report  contains  no  classified  information  extracted  from  other  classified 
documents.  The  restriction  legend  appearing  on  the  top  of  all  pages  within  Appendix 
II  of  this  report  is  not  valid  and  is  hereby  rescinded. 

Publication  of  this  report  does  not  constitute  Air  Force  approval  of  the  report's 
findings  or  conclusions.  It  is  published  only  for  the  exchange  and  simulation  of  ideas. 

Richard  G.  Leiby,  Major,  1JSAF 
Chief,  Propulsion  and  Power  Branch 
Air  Force  Aero  Propulsion  Laboratory 


ABSTRACT 


This  report  covers  work  performed  on  Contract  #AF33(615 >3625,  Design 
and  Development  of  a  Brushless  DC  Starter-Generator  System  and  its 
testing.  The  unit  was  built  and  tested  as  a  DC  power  generator  and 
aircraft  engine  starter.  In  the  generating  mode  the  unit  produced 
200  amperes  at  28-30  VDC  within  -0.5V  regulation.  The  AC  ripple  component 
was  below  specification  requirements  of  1.5V  peak.  The  unit  was  tested 
over  the  full  speed  range  of  7700-12,000  RPM  utilizing  blast  air  cooling 
per  MIL-G-6162 (2) .  In  the  engine  starting  mode  the  unit  was  tested  only 
at  half  rated  conditions  and  22  lb. ft.  starting  torque  at  385  amp  input 
current.  The  required  starting  torque  of  40  lb. ft.  with  800  amp  input 
was  projected  as  possible  with  this  machine  design,  but  only  with  static 
commutator  solid  state  switches  which  meet  full  currert  requirements.  Since 
the  specially  developed  static  commutator  hardware  was  capable  of  achieving 
only  half  its  required  current  rating;  the  full  contract  objectives  of  the 
starting  mode  were  not  met.  The  recommendations  in  this  report  suggest 
the  necessary  improvements  in  the  solid  state  commutator  hardware  in  order 
to  fulfill  the  starting  mode  requirements  as  stated  by  the  objectives  of  thi 
contract. 
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SECTION  I 


L.O  OBJECTIVE 

The  program  objectives  and  brushless  DC  starter-generator  require¬ 
ments  are  stated  in  Exhibit  A  as  a  part  of  the  overall  U.  S.  Air 
Force  Contract  No.  33(615)  —  3625.  For  the  sake  of  clarity  and  ease 
of  reference,  the  requirements  of  Exhibit  "A"  are  presented  below. 

EXHIBIT  "A" 

Statement  of  Work 
Brushless  UC  Starter-Generator 

I.  Objective:  The  objective  of  this  program  is  to  increase  the 
reliability  and  life  of  UC  starter-generators  by  designing  brushless  machines 
in  lieu  of  the  brush  type  machines. 

II.  Scope:  The  Contractor  will  design,  fabricate  and  evaluate  a  brush¬ 
less  starter-generator  (SG)  to  the  following  desigi.  objectives: 

A.  The  SC  shall  be  designed  for  minimum  dimensions  and  weight. 
However,  it  shall  not  exceed  the  over-all  dimensions  of  1 l"x5- 1/ 2"x5- 1/2" 
and  a  weight  of  30  lbs. 

B.  The  SG  shall  operate  over  the  speed  range  of  7700  to  12000 
KPN  and  mount  on  a  Type  XIIU  drive  conforming  to  standard  ANU  20002. 

C.  The  generator  portion  of  the  starter-generator  shall  use 

as  a  guide  the  applicable  sections  of  MIL-G-6162  and  be  capable  of  deliver¬ 
ing  full  rated  load  at  rated  voltage  continuously.  The  generator  shall  be 
designed  to  meet  the  following  parameters: 

1.  Rating:  6  kw 

2.  Output  Voltage:  30  volts  UC 

3.  Output  Current:  200  amperes 
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Li,  With  an  800  ampere  input,  the  motor  portion  of  the  starter* 
generator  shall  have  a  minimum  cranking  torque  of  40  lb, ft.  and  be  capable 


of  an  inertia  load  of  25  lb. ft.*  from  0  to  500  RPM  within  10  seconds. 

E.  The  starter-generator  shall  be  capable  of  operating  in  the 
25%  overspeed  condition  for  five  minutes  without  damage. 

F.  The  overhung  moment  of  the  starter-generator  shall  not  be 
greater  than  160  inch  pounds. 

G.  The  cooling  requirement  of  the  starter-generator  shall  be 
minimum.  For  altitude  operation,  blast  cooling  shall  be  provided  in 
accordance  with  the  requirements  of  M1L-G-6162. 

III.  Environment:  The  starter-generator  shall  be  capable  of  opera¬ 
tion  under  all  the  following  environmental  conditions: 

A.  Ambient  Temperature:  -65°  to  125° 

B.  Altitude:  0  to  50,000  ft. 

C.  Humidity:  0  to  100% 

L,  Vibration:  20g  -  80  to  2,000  cps 

E.  Shock:  50g 

F.  Acceleration:  lOg 

The  operation  of  the  starter-generator  shall  not  be  impaired  by 
salt  spray, fungus ,  sand  or  dust.  These  requirements  are  In  accordance  with 
applicable  sections  of  MIL-G-6162. 

IV.  Evaluation:  The  Contractor  shall  demonstrate  the  ability  of 
the  starter-generator  to  operate  under  all  environmental  conditions.  The 
starter-generator  shall  maintain  its  mechanical  and  electrical  integrity 
and  deliver  rated  load  after  each  environmental  test.  The  Contractor  shall 
demonstrate  the  endurance  of  the  starter-generator  by  operating  the  starter- 


generator  as  follows: 


Altitude  Load  T Ime 

SL  50  lb. ft. ^  Start  and  stop  starter 

Generator  three  times 
(2  min. wait  between 
starts) 

B.  -65°F  SL  100  amperes  1  hour 

C.  -65°F  50,000  ft.  200  amperes  20  hours 

D.  Repeat  Tests  A,  B  and  C  for  10  cycles 

E.  125°F  SL  50  lb. ft. 2  Start  and  stop  starter 

generator  three  times 
(2  min. wait  between 
starts) 

F.  125° F  SL  200  amperes  10  hours 

G.  Repeat  Tests  E  and  F  for  10  cycles. 

It  was  understood  that  the  successful  achievement  of  the  required 
objectives  set  by  this  contract  will  require  technical  advance¬ 
ments  in  the  field  of  semiconductor  technology  and  packaging 
techniques.  Funding  was  allocated  to  provide  this  program  with 
solid  state  commutator  components.  With  this  in  mind  the  program 
was  organized  to  meet  the  objectives  and  technical  requirements 
as  stated  in  Exhibit  "A". 

Although  the  requirements  of  Exhibit  "A"  resemble  those  of  the 
conventional  starter-generator  system,  the  start  torque  require¬ 
ment  is  greater  than  that  for  a  conventional  unit  of  the  same 
size  and  weight. 
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SECTION  11 


2.0  INTRODUCTION 

2.1  DEFINITION  OF  BSG  SYSTEM 

The  technical  requirements  of  the  brushless  starter-generator 
system  are  quite  similar  to  those  existing  and  used  for  con¬ 
ventional  DC  systems.  They  are,  however,  more  demanding  in 
performance  when  compared  with  the  allowable  size  and  weight 
of  the  unit.  The  similarity  to  a  conventional  system  in  end 
operation  allows  easier  understanding  of  this  more  complex 
hardware.  In  general,  a  starter  generator  system  is  an  elec¬ 
trical  installation  of  DC  machine  and  associated  system  compon¬ 
ents  so  that  dual  modes  of  operation  are  achieved  from  one  set 
of  hardware.  These  two  modes  of  operation  are  as  follows: 

a)  The  system  performs  as  electrical  to  mechanical  energy 
converter  and  provides  mechanical  energy  necessary  to 
start  a  given  aircraft  engine.  This  node  of  operation  will 
be  referred  to  in  this  report  as  the  starting  mode. 

b)  The  system  performs  as  mechanical  to  electrical  energy 
converter  necessary  to  provide  the  electrical  DC  power 

on  the  aircraft.  This  mode  of  operation  will  be  referred 
to  in  this  report  as  the  generating  mode. 

The  typical  conventional  starter  generator  system  is  shown  in 
block  diagram  Figure  2.I.A.  It  is  immediately  apparent  that  the 
most  essential  system  component  in  Figure  2.1. A  is  the  starter-gen¬ 
erator.  The  conventional  DC  starter-generator  is  an  electrical 
DC  machine  using  a  mechanical  commutator  for  current  commutation 
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between  machine  windings  in  a  manner  consistent  with  starting 
and  generating  modes  as  defined  above. 

The  brushless  starter-generator  (B.S.G.)  is  an  electrical  machine 
where  the  mechanical  commutator  is  replaced  by  solid  state  devices, 
thus  eliminating  the  mechanical  contacts  carrying  electrical  cur¬ 
rents.  The  unit  also  provides  both  the  starting  and  generating 
modes  of  operation. 

Since  this  contract  is  concerned  mainly  with  brushless  starter- 
generator  hardware,  a  more  detailed  introductory  concept  of  this 
hardware  is  presented  below. 

.2  DESCRIPTION  OF  BSG  SYSTEM  COMPONENTS  AND  THEIR  OPERATION 

Figure  2.1.11  shows  a  pictorial  view  of  the  brushless  starter 
generator  hardware  using  a  Lundell  type  electromechanical  con¬ 
verter.  This  type  of  electromechanical  converter  (electrical 
machine)  consists  of  a  solid  rotor-rotational  member  and  a  wound 
multiphase  stator-stationary  member.  The  machine  is  excited 
through  the  stationary  exciter  coils  mounted  to  the  stator  and 
concentric  with  the  rotor  assembly.  The  steady  state  continuous 
flux  pattern  must  be  established  between  the  rotor  and  the  stator. 
This  is  achieved  by  the  DC  excitation  current  in  the  stationary 
exciter  coils.  A  static  commutator  assembly  is  attached  to  this 
electromechanical  converter,  as  seen  in  Figure  2.I.B.  This  sub- 
assembly  is  shown  in  concentric  ring  construction.  In  this  model, 
the  necessary  cooling  is  provided  through  finned  heat  sink  shown 
in  the  static  commutator  assembly.  This  assembly  is  stationary 

and  is  mounted  to  the  stator  housing  of  the  machine.  The  rotor 
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assembly  has  Che  shaft  position  indicator  mounted  to  the  shaft. 

This  device  provides  a  means  of  determining  relative  position 
of  the  rotor  to  the  stator.  This  position  is  necessary  for 
timed,  synchronous  excitation  of  the  stator  winding  by  the  solid 
state  commutator.  The  shaft  position  sensing  device  is  pictorially 
represented  by  the  stationary  electro-magnet.  The  variation  of 
the  effective  permeability  of  the  electro-magnet  pickup  produces 
variation  in  its  excitation  current.  This  variation  is  detected 
and  the  appropriate  static  commutator  solid  state  switches  are 
energized.  This  connects  the  machine  windings  to  the  DC  elec¬ 
trical  power  source  developing  a  torque  couple.  Once  the  torque 
is  developed  on  the  rotor,  rotational  movement  of  the  rotor 
assembly  is  achieved.  With  it,  the  position  indicating  device 
is  advanced.  The  rotation  of  position  indicating  device  provides 
information  necessary  to  energize  other  segments  of  the  solid 
state  commutator.  The  other  segments  of  the  solid  state  commu¬ 
tator  energize  other  windings  of  the  machine.  This  continuous 
advancement  of  the  current  conduction  in  various  machine  windings 
provides  necessary  torque  to  spin  the  rotor  assembly  and  the 
attached  load.  In  this  B.S.G.  application  the  attached  load  is 
a  jet  or  turbine  engine.  The  torque  developed  by  the  machine 
therefore  would  accelerate  the  engine  from  its  standstill  posi¬ 
tion  to  ignition  speed  and  beyond. 

During  the  initial  rotor  revolutions,  the  machine  back  EMF  is 
practically  zero;  therefore,  the  DC  power  source  would  provide 
ohmic  magnitude  of  the  inrush  current  to  the  motor  windings. 
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Since  this  inrush  current  must  flow  through  the  solid  state 


commutator,  it  is  apparent  that  corm-tator  current  handling 
capability  must  be  matched  accordingly.  To  restrict  this  ex¬ 
cessive  current  flow  through  the  static  corrmutator,  it  is 
necessary  to  exercise  some  means  of  current  limiting.  The 
exact  method  of  current  limiting  during  the  start-up  mode  of 
this  brushless  starter-generator  was  postponed  until  a  better 
definition  of  solid  state  static  commutator  could  be  achieved. 

Once  the  machine  reaches  a  speed  so  that  its  back  LMF  controls 
the  input  current  magnitude  of  the  machine,  the  input  current 
limiting  is  not  needed.  The  final  rotor  speed  at  the  given 
machine  excitation  is  primarily  controlled  by  the  DC  power 
source  voltage  magnitude.  At  this  time  the  aircraft  engine,  pre¬ 
viously  Ignited,  has  reached  the  self-sustained  operation  at 
Its  minimum  speed.  Beyond  this  point  the  brushless  starter- 
generator  is  not  required  to  operate  in  its  starting  mode. 

The  machine  now  can  be  used  as  a  DC  power  generator.  DC  power 
generation  is  achieved  by  rectifying  the  machine's  output  with 
solid  state  rectifiers.  The  output  of  the  machine  must  be 
smooth,  ripple-free  DC  of  the  required  voltage  magnitude  and 
provided  through  the  complete  range  of  engine  speeds  as  speci¬ 
fied  in  Exhibit  "A". 

Through  both  modes  of  operation  this  machine  field  excitation 
is  achieved  by  providing  an  appropriate  amount  of  DC  current  in 
the  machine's  exciter  coils.  During  the  starting  mode,  the  ex¬ 
citation  is  at  the  highest,  therefore  a  maximum  amount  of  DC 

current  is  required  in  the  exciter  coils.  During  the  generating 

Si 


mode,  the  excitation  coils  are  energized  by  the  current 
magnitude  compatible  with  the  output  voltage  regulation 
established  by  the  voltage  regulator. 


SECTION  III 


3.0  ELECTROMECHANICAL  CONVERTER 

3.1  DEFINITION  OF  ELECTROMECHANICAL  CONVERTER 

The  electromechanical  converter  in  the  brushless  starter-genera¬ 
tor  assembly  provides  the  means  of  a  bidirectional  electro¬ 
mechanical  energy  conversion.  For  example,  during  the  starting 
mode  the  electromechanical  converter  provides  electrical  to 
mechanical  energy  conversion.  The  mechanical  output  of  the 
brushless  starter-generator  shaft  is  used  to  accelerate  a  jet 
or  turbine  engine.  The  opposite  is  true  during  the  generating 
mode.  The  mechanical  shaft  power  from  the  engine  is  used  by  the 
brushless  starter-generator  converter  to  produce  DC  electrical 
output.  The  electromechanical  converter  in  this  case  is  an  in¬ 
complete  electrical  machine.  The  incompleteness  of  the  electro¬ 
mechanical  converter  is  evident  since  the  converter  can  not  be  con¬ 
nected  directly  to  the  DC  electrical  power  source.  The  missing 
subassembly  to  make  the  electromechanical  converter  operational 
is  the  commutator.  I;.  the  brushless  starter-generator  the  com¬ 
mutator  is  made  up  of  solid  state  devices. 

3.1.1  Review  of  Converter  Types 

In  selecting  an  electromechanical  converter  it  was  important  to 
realize  that  the  solid  state  commutator  is  a  stationary  device 
and  therefore  it  must  be  mounted  to  the  frame  of  the  over-ali 
assembly.  With  this,  the  stator  windings  must  also  be  station¬ 
ary.  This  alone  inmediately  restricts  the  choice  of  an  electro¬ 
mechanical  converter.  For  example,  the  DC  machine  uses  a  mechanical 
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commutator  which  is  rotating  on  the  shaft  together  with  the 
armature.  In  the  B.S.G.  case  the  direct  replacement  of  the 
commutator  with  the  solid  si.,  te  commutator  is  not  possible.  It 
becomes  evident  that  the  electromechanical  converter  for  this 
application  must  be  of  the  type  that  has  rotating  pole  pieces 
and  stationary  stator  windings.  A  review  of  this  type  of  electro¬ 
mechanical  converter  was  performed  at  the  beginning  of  this 
program.  The  important  highlights  are  presented  below. 

3. 1.1.1  Permanent  Magnet  Machines 

One  type  of  electromechanical  converters  fitting  the  inverted 
machine  requirements  is  a  permanent  magnet  machine.  The  rotor 
of  this  machine  is  made  of  a  permanent  magnet  and  stator  is 
wound  to  suit  the  solid  state  commutator  requirements.  An  in¬ 
vestigation  immediately  revealed  the  deficiencies  of  this  approach 
to  the  brushless  starter-generator  electromechanical  converter. 

a)  The  unit  operates  with  low  air  gap  flux  densities; 
therefore,  its  weight  and  size  is  greater  than  that  of 
other  machines. 

b)  The  unit  requires  special  excitation  controls  in  order 
to  meet  the  required  output  voltage  control  while  in 
the  generating  mode. 

c)  The  permanent  magnet  integrity  at  high  peripheral  speeds 
is  doubtful  where  the  maximum  machine  diameter  and 
length  is  as  specified  in  Exhibit  "A". 
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d)  Demagnetizing  effects  by  heavy  stator  currents  are 
detrimental  to  the  permanent  magnet  characteristics* 

Heavy  currents  in  stator  windings  are  needed  during  the 
starting  mode  of  the  brushless  starter  generator  so 
that  40  lb. ft.  starting  torque  is  achieved  from  the 
small  size  machine. 

Any  one  of  Lhe  above  mentioned  deficiencies  is  severe  enough  to 
reject  the  permanent  magnet  machine  from  this  application; 
therefore,  this  type  of  electromechanical  converter  was  excluded 
from  further  design  study. 

3. 1.1. 2  Homopolar  Machines 

Since  homopolar  machines  are  true  DC  machines,  it  would  appear 
they  are  most  suitable  for  DC  generators.  It  isn't  so.  First, 
they  use  slip  rings,  mercury  wetted  contacts  or  similar  devices 
in  providing  output  current  flow.  The  output  terminal  voltage 
of  these  devices  is  very  low  and  a  direct  application  to  this 
program  is  not  suitable.  because  of  slip  rings,  any  other  com¬ 
bination  of  homopolar  compound  machines  were  excluded  from  this 
program. 

3. 1.1.3  Lundeli  Type  Machines 

Initially,  the  Lundeli  type  machines  appear  to  be  suited  to  this 
application  since  they  comply  with  inverted  machine  geometry 
previously  designed.  The  geometry  of  the  rotor  shapes  the  pole 
piece  design  and  the  poles  are  excited  from  stationary,  excita¬ 
tion  coils  mounted  firmly  to  the  stator  housing  of  this  machine.  Fig¬ 
ure  3.1.1.3A  shows  a  typical  outline  o;  stationary  coil  Lundeli 
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A  brushless,  stationary- coil  Luudell-type  generator  that  uses  two  exciting 
coils  is  described  in  U.  S.  Patent  2,790,542  issued  to  A.  Becky. 


figure  3.1.1 


type  machine.  The  arrows  depict  magnetic  flux  distribution 
in  the  machine.  Since  the  flux  pattern  is  provided  by  stationary 
coils  energized  with  DC,  the  concept  of  somewhat  more  conven¬ 
tional  voltage  regulators  to  be  used  with  this  electromechanical 
converter  appears  quite  suitable.  The  integrity  of  the  rotor  to 
operate  at  15,000  RPM  as  required  by  the  overspeed  specification, 
is  quite  satisfactory  since  these  types  of  machines  are  designed 
for  operational  speeds  substantially  beyond  that  requirement. 

Some  variations  of  rotor  and  stator  geometries  fitting  under  the 
general  description  of  Lundell  type  machines  were  also  considered 
but  were  not  suited  for  this  application.  For  example,  the 
rotational  coil  Lundell  type  machine  would  require  its  excitation 
through  the  slip  rings.  This  is  objectionable  to  the  brushless 
concept  of  this  program.  The  pancake  type  machine  geometries  were 
reviewed  and  rejected  since  their  over-all  diameter  did  not  fit 
within  the  specification  requirements.  Since  the  most  suited 
machine  for  this  application  was  one  shown  in  Figure  3.1.1.3A, 
an  initial  design  study  was  conducted.  The  following  input 
current  conditions  were  considered  --  800,  600  and  400  amps. 

Also,  the  design  was  evaluated  for  the  starting  mode  providing 
starting  torque  capabilities  of  28  lb. ft.  and  40  lb. ft.  The 
weight  and  the  size  of  the  machine  were  carefully  monitored. 

The  magnetic  materials  for  the  stator  utilized  Hyperco  50  and 
the  rotor  was  made  out  of  11130  electrical  steel.  The  ideal 
electromechanical  weight  of  machine  was  used  as  criteria  for 
comparison.  The  results  of  this  study  are  plotted  in  Figure 
3.1.1.3B.  This  weight  does  not  include  stationary  excitation 
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Figure  3.1.1.3B 


coils  necessary  to  provide  the  flux  and  its  distribution  in 
the  rotor.  It  was  found  during  the  study  that  28  lb.  ft.  was 
the  maximum  possible  torque  from  this  machine  without  favoring 
the  starting  or  generating  mode.  A  higher  torque  than  28  lb. 
ft.  starting  capability  would  require  a  larger  and  heavier 
machine.  The  design  conclusions  were  plotted  in  Figure  3.1.1.3B. 

It  is  noticeable  that  28  lb. ft.  torque  capabilities  of  this 
machine  during  its  initial  starting  would  put  the  electro¬ 
mechanical  weight  of  this  machine  just  below  30  lbs.  Since 
this  weight  is  ideal  electromechanical  weight  of  the  machine, 
the  housing  and  end  bells  and  additional  commutator  weight  would 
make  the  brushless  starter  generator  over-all  weight  beyond  30 
lb.  Since  30  lbs.  is  the  specified  maximum  weight  of  this 
hardware,  the  Lundell  type  machine,  as  pictured  in  Figure 
3.1.1.3A,  producing  the  required  torque  of  40  lb. ft.,  is  not 
suitable  for  this  application.  Figure  3.1.1.3B  shows  plot  of 
electromechanical  weight  vs.  input  currents  of  this  machine  at 
40  lb. ft.  requirements.  The  curve  exceeds  30  lb.  weight  limit. 
Beyond  that  the  diameter  of  the  brushless  starter-generator 
would  also  be  violated  by  the  use  of  a  secsyn  type  of  electro¬ 
mechanical  converter.  These  machines  require  certain  length  to 
diameter  ratios  in  order  to  establish  useful  flux  pattern  in 
the  rotor.  The  machine  diameter  was  established  to  be  between 
6  and  6-1/2  inches  which  is  in  excess  of  specification  require¬ 
ments.  From  the  above  data,  the  Lundell  type  of  machine,  al¬ 
though  it  is  very  attractive  in  its  physical  construction,  was 
found  to  be  unsuitable  for  a  brushless  starter-generator  where 
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weight  and  starting  torque  requirements  are  of  the  values 
specified  in  Exhibit  "A". 

3. 1.1.4  Wound  Rotor  Machine 

A  review  was  made  on  wound  rotor  type  machines*  These  machines 
use  windings  on  the  rotor  to  establish  magnetic  pole  pieces*  It 
was  previously  established  that  the  solid  state  commutator  will 
energize  stationary  windings  in  the  stator  and  the  rotational 
member  will  provide  the  necessary  pole  pieces  mounted  on  a  machine 
shaft.  This  is  the  important  criteria  in  selecting  the  machine's 
geometry.  This  criteria  is  met  by  wound  rotor  machines*  Figure 
3.1.1.4A  shows  the  typical  geometry  involved  in  providing  the 
over-all  machine  operation  using  a  salient  pole  wound  rotor 
design.  The  rotor  excitation  is  achieved  by  the  small  exciter 
and  the  rotating  rectifiers  so  that  L)C  current  is  made  available 
for  the  main  rotor  pole  pieces*  The  stator  is  conventional  and 
can  be  designed  to  suit  a  solid  state  commutator.  The  flux  pattern 
of  this  machine  is  shown  in  Figure  3.1.1* 4B  for  a  4  pole  machine 
design.  This  type  of  machine  geometry  is  quite  suited  to  fulfill 
the  requirements  of  the  brushless  starter  generator  in  its  gen¬ 
erating  mode.  In  the  starting  mode,  two  possibilities  of  machine 
utilization  exist.  One,  the  machine  could  be  started  as  a  syn¬ 
chronous  induction  motor  by  shorting  the  field  windings  and 
providing  damper  bars  in  the  field  pole  periphery.  The  second 
mode  of  starting  utilizes  the  field  at  its  maximum  capacity  of 
excitation  and  provides  necessary  electronics  for  synchronous 
starting  mode  of  this  machine  configuration.  The  design  showed 
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Figure  3.1.1.4B 
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rhi-  synchronous  sto.t  ; roc  ced  more  shaft  torque  than  an 
induction  start,  this  binding  principally  dictated  the  machine 
design  to  be  a  «>  jiu.hro-.jiis  motor  d*ir  .zij  the  a  r  -  r  t  ,.n  b  \.o  e  s.i  «» 
synchronous  gercrator  during  the  generating  mode  for  this  brushit- 
starter-generator  system.  Several  ;<Bf ’tit  •  .  c!  ;s  tjnc  *,l:  mu  L.-e 
were  carried  out  for  coTp.j  isci  with  solid  mtJi  Luisdeil  *  vpe  mach¬ 
ines.  T.Je  i-eal  1  act '..magnetic  weight  of  this  m- ch.-.e  was  plotted 
•»3ai.  3t  «.npuc  current.  Again,  28  lh.'c.  torque  was  indicated,  de¬ 
picting  the  machine  weigl  t  -anging  iren  15  to  20  peunds.  The  torque 
over  28  lb. ft.  was  dictating  the  size  of  the  machine,  as  shown  by 
the  second  plot  in  the  same  Figure  3.1.1.4C.  The  materials  used 
were  Hyperco  50.  The  40  lb.ft.  starting  torque  requirements  put 
the  electromagnetic  weight  of  the  machine  in  the  range  of  70  to  27 
lbs.  with  input  current  ranges  of  400  to  800  amps. 

3.1  2  Selection  of  Suitable  Converter 

The  summary  of  the  design,  as  plotted  in  Figure  3.1.1.3B  gives  us 
direct  comparison  between  the  two  possible  machines  for  this  applica¬ 
tion.  The  first  is  the  Lundell  type  solid  rotor  machine;  the  second 
is  the  wound  pole  rotor.  Since  the  specification  requirements  can 
be  met  with  the  wound  pole  synchronous  machine,  It  was  selected  as 
the  final  approach.  It  will  operate  during  the  starting  mode  as  a 
synchronous  converter  producing  40  lb.ft.  torque  at  800  amp  input 
into  the  stator  windings,  it  was  projected  that  the  complete  housed 
machine  will  weigh  25  lbs.,  leaving  5  lbs.  fer  the  solid  stat"  com¬ 
mutator.  The  machine  length  is  projected  to  b<»  approximately  V  inches. 
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3vl.3  Converter  Design 

During  the  comparative  design  study  of  electromechanical  con¬ 
verters,  one  of  solid  rotor  Lundell  type,  the  second  a  wound 
pole  synchronous  generator,  the  emphasis  was  placed  on  the 
magnitude  of  the  commutating  inductance  as  exhibited  by  both 
machines  at  their  terminals*  It  was  found  that  the  wound  rotor 
machine  can  achieve  a  commutating  Inductance  figure  equal  to 
15  to  20  microhenries  per  phase  of  the  machine  output  terminals* 
Contrary  to  this,  the  solid  rotor  machine,  Lundell  type,  always 
had  several  times  higher  conmutating  inductance  at  its  terminals. 

The  magnitude  of  commutating  inductance  was  determined  by  cal¬ 
culating  the  subtransient  reactance  of  the  wound  pole  machine. 

To  verify  this  value  the  tests  were  performed  during  the  gen¬ 
erating  mode  and  the  commutating  Inductance  magnitude  was  es¬ 
tablished  from  oscilloscope  data.  (The  agreement  between  two 
magnitudes  was  within  10*4). 

The  knowledge  specification  of  the  direct  axis  sub-trans ient 
reactance  or  commutating  reactance  is  very  essential  in  pre¬ 
dicting  the  quality  of  output  power  of  this  machine  during  its 
generating  mode,  especially  AC  ripple  magnitude.  The  gen¬ 
erating  mode  of  this  brushless  starter-generator  involves  rec¬ 
tifiers.  In  performing  the  normal  function  of  AC  to  DC  power 
rectification  they  depend  on  the  commutating  reactance  of  a 

m 

given  AC  source.  During  the  commutation  of  current  from  one 
winding  to  the  next,  the  two  rectifiers  temporarily  short 
their  respective  windings  of  the  machine.  The  duration  of  this 
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snort  circuit  is  dependent  on  the  magnitude  of  the  current 
and  the  subsequent  commutating  reactance  value.  Figure  3.1.3A 
clearly  shows  the  commutating  reactance  effect  on  the  output 
voltage  VL.  During  the  commutation  period  the  output  voltage 
VL  follows  the  mean  voltage  of  two  instantaneous  phase  voltages. 
This  mean  voltage  is  lower  than  Instantaneous  value  of  voltage 
in  the  next  phase  E^.  This  reduction  in  output  voltage  VL  not 
only  produces  lower  output  value  of  VL,  but  also  upsets  the 
theoretical  magnitude  of  the  output  ripple  voltage.  Since  the 
output  ripple  magnitude  is  specified,  the  rectification  during 
the  current  commutating  interval  must  be  contained  so  that  the 
AC  ripple  magnitude  can  meet  the  specifications  with  minimum 
filtering.  The  magnitude  of  the  commutating  inductance  was 
established  during  the  design  of  this  machine  to  be  approximately 
15  microhenries  per  phase.  The  simple  three  phase  bridge  type 
rectification  of  this  electromechanical  converter  output  pro¬ 
duced  DC  output  with  AC  ripple  magnitude  above  specified  accept¬ 
able  limits  of  1.5  volts  peak.  This  rectification  was  felt 
deficient  to  do  the  job.  It  became  apparent  that,  to  reduce  the 
output  ripple  magnitude,  it  was  necessary  to  reduce  the  magni¬ 
tude  of  the  commutating  current.  This  was  accomplished  by  using 
two  sets  of  3  phase  output  windings  designed  in  the  machine 
positioned  30  electrical  degrees  apart.  In  conjunction  with  two 
sets  of  three  phase,  bridge  type  rectifier  assemblies.  These 
assemblies  are  connected  to  a  common  two  terminal  output  through 
the  interphase  reactor.  Since  this  type  of  geometry  was  required 
during  the  generating  mode  of  the  brushless  starter-generator,  it 
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was  also  found  that  the  same  geometry  is  complimentary  during 
the  starting  mode  of  this  machine.  During  the  starting  mode  two 
sets  of  solid  state  commutator  switches  could  be  utilized  to 
provide  current  flow  into  the  stator  windings  simultaneously. 

Now,  each  winding  in  the  stator  will  handle  one  half  of  the  total 
input  current  which  was  limited  to  800  amperes.  At  the  same 
time,  each  solid  state  commutator  switch  will  handle  only  one 
half  amps  of  the  required  input  current  of  800  amps.  This  re¬ 
duction  in  solid  state  commutator  current  handling  capacity  is 
also  quite  helpful  in  procuring  the  solid  state  switches  for  the 
commutator  assembly. 


3. 1.3. 1  Choice  of  Geometry 

Once  the  machine  commutating  reactance  and  winding  configuration 
has  been  established,  the  geometry  of  the  machine  was  specified 
as  follows.  The  machine  will  be  no  more  than  9  inches  in  length, 
5-1/2  inches  by  5-1/2  inches  square  and  will  weigh,  with  the  ex¬ 
citation  device  mounted  inside,  no  more  than  25  pounds.  During 
the  generating  mode,  the  machine  will  be  capable  <£  delivering 
the  required  output  of  30  volts  and  200  amps  at  the  minimum 
speed  of  7,700  RPM.  Since  the  machine  design  requiring  40  lb. 
ft.  starting  torque  capability  involved  excessive  electromag¬ 
netics,  the  output  power  of  30  volts  and  200  amps  was  possible 
at  a  speed  of  4,000  RPM.  This  over-design  is  unavoidable. 

Although  the  electromechanical  converter  assumes  round  tube 
geometry,  the  square  corners  on  the  housing  will  be  used  for 
mounting  the  necessary  power  rectifiers  used  in  the  generating 
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mode  of  this  machine.  These  rectifiers  in  the  four  corners  shall 
leave  enough  clearance  to  allow  the  necessary  air  flow  for  cool¬ 
ing  the  entire  machine  in  its  generating  mode.  The  air  flow  in 
the  machine  assembly  will  be  as  follows.  First,  the  cooling  air 
will  come  into  the  commutator  end  of  the  machine,  will  disperse 
to  the  four  corners  where  the  rectifiers  are  mounted.  The  air 
flow  will  be  equally  divided  through  the  four  openings  and  pro¬ 
vide  cooling  to  the  rectifiers.  After  the  necessary  heat  removal 
is  achieved  in  the  rectifier  assemblies  mounted  in  the  corners, 
the  four  streams  of  cooling  air  will  be  diverted  into  the  front 
of  the  machine  where  the  heat  removal  will  be  provided  for  the 
inside  of  the  machine.  The  cooling  air  will  flow  through  the 
rotor  subassembly  and  the  machine  air  gap.  The  allowable 
pressure  drop  was  calculated  to  be  sufficient  to  do  the  necessary 
cooling  in  the  steady  state  generating  mode  of  the  brushless 
starter-generator.  The  exhaust  of  the  cooling  air  is  provided 
through  the  four  openings  at  the  end  of  the  machine.  The  typical 
view  of  the  housing  indicating  provisions  for  the  air  flow  is 
shown  in  Figure  3.1.3.1A.  The  front  of  the  housing  has  the  nec¬ 
essary  provisions  for  mounting  the  unit  on  a  type  XI1D  drive, 
conforming  to  standard  AND20002.  The  intake  and  exhaust  open¬ 
ings  in  the  housing  are  clearly  seen  with  reference  to  the 
previous  description.  The  cooling  air  pressure  drop  from  the 
input  into  the  machine  assembly  to  the  output  was  designed  to 
meet  the  specification  requirements  of  6  inches  of  water.  This 
makes  the  brushless  starter-generator  compatible  with  the  cool¬ 
ing  provisions  of  the  conventional  DC  starter-generators. 
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3. 1.3.2  Stator 


Because  of  ripple  requirements  and  the  quality  of  the  output 
DC  power  required  during  the  generating  mode  of  this  brushless 
starter-generator  system,  the  stator  of  the  machine  was  wound 
with  a  multi-phase  winding  arrangement.  Actually,  the  arrange¬ 
ment  consists  of  two,  three  phase  wye  connected  windings  elec¬ 
trically  shifted  by  30°.  A  typical  winding  diagram  or  layout 
is  shown  in  Figure  3.1.3.2A.  The  stator  has  42  slots  with 
winding  A  placed  at  the  bottom  cr  a  slot  and  winding  B  at  the 
top.  The  stator  lamination  material  is  Hypcrco  50.  This  choice 
was  made  to  conserve  the  size  and  weight  of  the  machine.  Each 
coil  has  2  turns  of  4  #20  round  wires  in  parallel.  A  high  tem¬ 
perature  insulation  system  was  used  throughout.  The  wire  in¬ 
sulation  was  HML  and  the  varnish  was  Doryl,  using  high  tem¬ 
perature  curing  cycle. 

3. 1.3.3  Rotor 

In  order  to  insure  the  machine's  commutating  inductance  at  15 
microhenries  per  phase,  the  design  of  the  machine  had  to  be 
carefully  conducted  so  that  the  required  parameter  would  be 
attainable  in  the  given  geometry.  To  provide  these  character¬ 
istics  a  6  pole  rotor  design  was  required.  The  typical  display 
of  rotor  geometry  with  its  pole  pieces  is  shown  in  Figure 
3.1.3.3A.  The  material  of  rotor  laminations  is  Hyperco  50. 

Damper  bars  in  the  pole  piece  were  used  and  are  clearly  visible 
in  Figure  3.1.3.3A.  The  heavier  damper  bar  construction  can 
not  be  used  in  this  geometry  since  Integrity  of  the  rotor  at 
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15,000  RPM  overspeed  would  be  impaired.  The  winding  design  on 
the  rotor  pole  pieces  is  compatible  with  the  required  air  flow. 
The  pole  pieces  were  wound  of  edge  type  rectangular  insulated 
wire  to  achieve  the  required  excitation  together  with  the  proper 
flow  of  cooling  air  around  each  pole  piece.  It  was  predicted 
that  adequate  heat  storage  conditions  would  exist  in  the  pole 
piece  hardware  during  the  operation  of  the  machine  as  a  starter. 
This  is  another  factor  indicating  that  the  starting  torque  re¬ 
quirements  dictate  the  size,  the  weight  and  the  cooling  procedure 
of  this  starter  generator.  In  this  design  approximately  20:1 
increase  in  pole  piece  excitation  will  be  needed  during  the 
starting  mode,  in  contrast  with  low  level  excitation  require¬ 
ments  during  the  generating  mode.  The  rotor  diameter  was  set 
to  be  3.875  inches.  This  provided  the  machine  assembly  with  the 
air  gap  of  .025  inches. 

3. 1.3.4  Shaft  and  Bearings 

Because  of  additional  subassemblies  to  be  mounted  on  the  rotor 
assembly,  the  shaft  utilized  in  this  electromechanical  converter 
had  to  be  designed  adapting  a  quill  shaft  configuration.  The 
shaft  critical  speed  was  recalculated  and  found  to  be  well  above 
the  over-all  requirements  of  this  machine.  The  damper  from  the 
shaft  assembly  was  removed.  Shaft  modifications  had  to  be  made 
in  order  that  a  shaft  position  indicating  device,  a  set  of  rotary 
rectifiers  and  a  subassembly  of  rotating  transformer  can  be 
accomodated  on  the  over-all  rotor  assembly.  The  shaft  is  shown 
on  Drawing  #23068-1100. 
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3.1.4 


CONVERTER  FABRICATION 


3. 1.4.1  Scator  Assembly 

The  stator  was  wound  per  previously  described  specification  and 
is  shown  in  Figure  3.1.4.1A.  The  unit  assembled  into  the  housing 
is  shown  in  Figure  3. 1.4. IB.  This  figure  shows  the  stator  mounted 
in  the  finished  housing  with  a  clear  indication  of  air  exhaust 
ports.  Also,  it  is  important  to  note  that  the  windings,  two  sets 
of  three  phase  wye  connected,  are  brought  out  with  leads  and  ex¬ 
ternally  connected  to  make  up  two  sets  of  three  phase  outputs  as 
shown  ir.  Figure  3.1.3.2A.  The  stator  end  turns  and  lead  connec¬ 
tions  are  shown  in  their  respective  positions  before  the  end  bell 
of  the  machine  is  secured.  Figure  3.1.4.1A  not  only  shows  the 
close-up  of  the  stator  winding  assembly  placed  in  the  housing,  but 
also  displays  two  sets  of  shaft  position  pick-ups  which  are  used 
in  the  over-all  brushless  starter-generator  system  to  be  explained 
later. 

3. 1.4.2  Rotor  Assembly 

As  was  explained  previously,  the  rotor  pole  pieces  were  ed^e  wound 
with  rectangular  magnet  wire.  The  pictorial  view  of  rotor  wound 
pole  piece  assembly  is  shown  in  Figure  3.1.4.2A.  Again  6  pole 
construction  is  clearly  visible  and  the  construction  of  the  rotor 
to  sustain  overspeeds  of  13,000  RPM  are  displayed.  The  ends  of 
edge  wound  copper  are  supported  by  insert  and  ring  assemblies  as 
shown  in  Figure  3.1.4.2A.  In  this  manner  the  rigidity  of  the 
rotor  winding  is  maintained  through  the  range  of  operating  speed* 
The  rotor  insulation  is  HML  coated  with  boryl  high  temperature 
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curing  cycle  varnish,  ^he  pole  pieces  were  series  inter¬ 
connected  for  six  pole  design  and  the  excitation  leads  are 
shown  on  the  far  side  of  the  rotor  assembly.  The  completed 
rotor  assembly  is  shown  in  Figure  3. 1.4.2  .  As  previously 
mentioned,  in  addition  to  the  pole  pieces  cf  the  machine,  on 
the  same  shaft  one  can  see  the  additional  systems  components 
mounted  for  operation  of  this  electromechanical  converter  as  a 
UC  starter-generator.  These  additional  components  will  be 
described  later. 

3.2  ADDITIONAL  CONVERTER  COMPONENTS 

3.2.1  Shaft  Position  Sensor 

Before  the  electromechanical  converter  can  be  used  as  a  DC 
machine,  the  solid  state  commutator  must  be  matched  to  the 
converter.  Earlier,  it  was  pointed  out  that  the  brushless 
starter-generator  will  operate  as  a  DC  electrical  machine  in 
the  mode  of  synchronous  starting  and  generating.  The  synchronous 
starting  mode  requires  synchronous  means  to  control  solid  state 
commutator  switches.  They,  in  turn,  control  currents  in  the 
stator  windings  which  are  always  in  a  fixed  position  with 
respect  to  the  rotor  pole  pieces.  With  this  in  mind,  it  is 
apparent  that  some  means  must  be  devised  to  detect  the  rela¬ 
tive  position  of  the  stator  windings  with  respect  to  the 
position  of  the  pole  pieces.  In  the  conventional  machine, 
this  is  automatically  achieved  by  mounting  the  mechanical  com¬ 
mutator  rigidly  to  the  armature  assembly.  In  the  brushless 
starter-generator  arrangement  this  position  detection  is 
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accomplished  by  sensing  of  the  position  on  the  rotor  assembly. 
Since  the  pole  pieces  are  mechanically  secured  to  the  shaft  of 
the  machine,  sensing  machine's  shaft  position  is  synonomous  to 
the  rotor  pole  piece  position  detection.  A  number  of  detection 
schemes  were  analyzed  for  this  application.  Some  involved  the 
use  of  Hall  effect  semiconductor  devices;  others  used  light  or 
even  atomic  radiation.  Because  of  the  simplicity  of  the  cir¬ 
cuitry  and  inherent  capability  to  work  in  the  environment  en¬ 
countered  in  this  machine,  the  electromagnetic  pick-up  scheme 
was  selected  as  the  most  suited  to  do  this  job.  The  principles 
of  operation  of  an  electromagnetic  shaft  position  indicator  are 
quite  simple.  The  electromagnetic  pick-up  changes  its  magnetic 
reluctance  depending  upon  the  magnetic  and  non-magnetic  material 
moving  in  proximity  to  the  pick-up.  This  fundamental  principle 
is  utilized  in  constructing  the  shaft  position  sensing  device. 

A  number  of  pick-ups  are  mounted  rigidly  to  the  houc ing/stator 
assembly.  The  metallic  wheel  with  fixed  position  is  secured  to 
the  shaft  of  the  machine.  Alternating  strips  of  magnetic  and  non¬ 
magnetic  material  are  proviied  on  the  wheel  surface.  The  rotating 
wheel  with  its  different  materials  will  pass  by  the  air  gap  of 
the  magnetic  pick-up  and  thus  allow  the  pick-up  to  distinguish  the 
presence  of  magnetic  or  non-magnetic  material.  In  order  for  this 
detection  scheme  to  be  useful  in  this  brushless  starter-generator 
application,  it  was  necessary  to  provide  zero  speed  shaft  position 
detection  so  that  the  machine  could  produce  initial  starting  torque 
at  any  shaft  position  at  standstill.  This  zero  speed  detection 
is  accomplished  by  providing  the  pick-up  with  fixed,  high  frequency 
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(16  KHz)  carrier  signal.  The  variation  of  the  carrier  signal 
current  magnitude  is  a  variable  parameter  proportional  to  the 
magnetic  material  presence  or  absence  by  the  air  gap  of  the 
pick-up.  Figure  3. 2.1. A  shows  a  simplified  electrical  diagram 
and  the  output  waveform  available  from  the  pick-up.  The  varia¬ 
tion  of  an  output  signal  due  to  the  different  materials  in  the 
air  gap  is  approximately  2:1  which  is  ample  to  detect  and  com¬ 
mand  the  solid  state  commutator  switch. 

.2.1.1  Design 

During  the  starting  mode,  especially  in  the  repeated  starts  of 
a  jet  or  turbine  engine,  the  machine  internal  temperatures  were 
predicted  to  reach  over  400°F.  These  temperatures  required  the 
shaft  position  sensing  components  be  capable  of  operation  at 
high  temperature  levels.  The  high  temperature  requirements 
dictated  the  choice  and  placement  of  other  electronic  compon¬ 
ents  required  to  do  the  wave  shaping  of  the  shaft  position 
sensing  device.  It  was  necessary  to  mount  the  shaft  position 
indicator  and  pick-ups  in  the  machine  assembly  and  leave  the 
electronics  outside  of  the  machine  and  mount  them  to  the  hous¬ 
ing.  Figure  3.2.1.1a  shows  the  shaft  position  detectors  and 
position  indicating  wheel  as  it  is  used  in  this  brushless 
starter-generator  assembly.  The  electromagnetic  pick-ups  use 
2  mil  Hypercil  magnetic  core  material  and  are  wound  with  LMH 
insulated  wire.  The  wound  pick-ups  are  impregnated  with 
Doryl  high  temperature  impregnant  and  potted  with  a  high  tem¬ 
perature  potting  compound  in  ju  metal  shielded  cans.  The  shields 
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Figure  3. 2. 1A 


were  necessary  to  eliminate  possible  electromagnetic  inter* 
ference  between  the  rotating  poll  piece  leakage  flux  and  the 
information  detected  from  the  rotating  wheel.  The  position 
indicating  wheel  is  mechanically  fixed  to  the  shaft  of  the 
rotor.  The  electromagnetic  pick-ups  are  mounted  on  the  stator 
housing  assembly  of  the  machine  and  are  made  to  be  adjustable 
over  approximately  20  mechanical  degrees  of  the  housing  per¬ 
iphery.  This  physical  adjustment  is  needed  to  insure  the 
accuracy  of  detection  of  the  pole  piece  relative  position  with 
respect  to  the  stator  winding  placement  in  the  actual  hardware. 
A  single  wheel  shaft  position  indicator  is  used  together  with 
six  pick-ups.  The  quantity  of  the  pick-ups  came  about  pri¬ 
marily  by  the  choice  of  stator  windings  to  be  used  in  this 
machine.  As  it  was  described  previously,  there  are  two, 
three-phase  windings  wound  in  the  stator  placed  30  electrical 
degrees  from  each  other,  bach  phase  of  three  phase  windings 
will  use  one  pick-up.  The  current  flow  in  that  phase  winding 
will  last  for  120  electrical  degrees  in  each  half  cycle  of 
operation.  Therefore,  each  three-phase  winding  will  use 
three  pick-ups.  Since  there  are  two  sets  of  three  phase 
windings,  the  six  pick-up  configuration  was  used.  The  shaft 
position  indicating  wheel  was  covered  with  Metal  magnetic 
material  for  60  mechanical  degrees  equally  spaced  in  three 
areas  of  the  wheel. 

Fabrication 

The  shaft  position  indicating  wheel  was  made  of  aluminum  as 

shewn  in  Figure  3.2.1.1A.  The  60° required  intervals  were 
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covered  with^i  Metal.  The  pick-ups  were  Hypercil  core  material, 

2  mils  thick,  with  two  coils  of  magnet  wire  and  the  whole  sub- 
assembly  was  potted  in  the  p  Metal  can.  Both  of  these  devices 
are  shown  in  Figure  3.2.1.1A.  Figure  3.1.4.1A  shows  the  actual 
mounting  of  the  electromagnetic  pick-ups  in  the  stator  housing 
assembly.  The  quantity  of  six  pick-ups  is  evident.  The  elec¬ 
trical  information  is  obtained  through  the  shielded  wires  visible 
again  in  the  machine  assembly  shown  in  Figure  3.1.4.1A  .  The 
placement  of  the  position  indicating  wheel  on  the  shaft  is  dis¬ 
played  in  Figure  3.1.4.2B  .  The  air  gap  between  the  wheel  and 
the  pick-ups  is  approximately  .005".  The  mounting  of  the  wheel 
and  the  pick-ups  in  the  radial  assembly  is  needed  because  the 
machine  has  considerable  end  play,  which  would  increase  the 
possibility  of  rubbing  the  wheel  against  the  electromagnetic 
pick-ups.  The  radial  accuracy  of  the  machine  air  gap  is  good 
and  established  tolerances  of  an  air  gap  will  prevent  a  possi¬ 
bility  of  the  wheel  rubbing  against  the  pick-up.  The  assembled 
hardware  was  tested  for  its  performance.  The  modulation  of  peak 
excitation  current  between  the  presence  and  absence  of  magnetic 
material  under  the  pick-up  air  gap  was  in  agreement  with  the 
design  providing  approximately  2:1  amplitude  modulation. 

.2.2  kotary  Transformer  kectifier  Assembly 

Since  wound  rotor  machines  require  their  pole  piece  field 
excitation  on  the  rotor,  the  means  of  transmitting  required 
excitation  from  the  stationary  point  to  the  rotor  were  investi¬ 
gated  next.  Usually,  the  wound  rotor  machines  are  used  with 
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rotary  exciters.  The  rotary  exciter  is  an  auxiliary  machine 
equipped  with  rotating  rectifiers  to  provide  L»C  current  to  the 
main  machine  pole  pieces.  The  rotors  of  the  machine  and  the 
exciter  are  mounted  on  a  common  shaft.  The  output  power  of 
the  rotary  exciter  is  controlled  by  the  exciter  stator.  The 
stator  is  made  of  pole  pieces  which  are  acting  as  electro¬ 
magnets  controlling  the  exciter  air  gap  flux.  This  compound 
machine  assembly,  in  conjunction  with  the  voltage  regulator, 
provides  the  necessary  controls  of  the  main  machine  output. 

The  above  explained  compound  machine  is  satisfactory  only  for 
the  generating  mode  of  the  brushless  starter-generator  hardware. 
During  the  starting  mode  where  the  machine's  excitation  must  be 
at  its  maximum,  the  machine  is  at  standstill  and  no  rotary 
exciter  output  is  possible.  The  rotor  exciter  is  incapable  of 
producing  necessary  excitation  and  the  overall  brushless  starter- 
generator  system  would  be  useless  as  an  engine  starter.  To 
remedy  this  situation  during  the  starting  mode  of  this  brushless 
starter-generator  machine,  an  AC  excitation  of  the  exciter  stator 
poles  must  be  incorporated  so  that  the  required  main  machine  ex¬ 
citation  power  can  be  transmitted  through  the  exciter  air  gap  to 
the  exciter  rotor  windings.  In  order  to  provide  the  exciter 
with  necessary  AC  excitation,  it  is  necessary  to  use  a  static 
inverter.  The  exciter  field  pole  design  must  be  altered  and  the 
inverter  used  in  this  system  must  be  three-phase  pulse  width 
controlled  device.  This  static  inverter  hardware  would  be  used 
only  during  the  starting  mode  of  the  brushless  starter-generator 
system  and  will  be  left  idle  during  the  rest  of  the  generating 
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mode*  This  approach  was  ruled  out  as  cumbersome  and  introduc- 
ing  unnecessary  weight  to  the  over-all  aircraft  installation. 
Other  means  of  wound  pole  machine  excitation  were  investigated. 

The  most  promising  approach  to  the  solution  of  this  problem 
appeared  in  the  use  of  a  rotary  transformer.  The  rotary  trans¬ 
former  would  be  designed  to  provide  necessary  excitation  during 
the  start  and  the  generating  modes  of  the  brushless  starter- 
generator  and  it  can  be  made  to  be  a  single  phase  device. 

Because  of  a  single  phase  feature,  the  static  inverter  used  to 
excite  the  rotary  transformer  can  be  designed  as  a  single  phase 
unit.  This  reduces  starting  mode  circuit  complexity.  The 
rotary  transformer  secondary  requires  only  single  phase  rec¬ 
tification  in  contrast  to  the  rotary  exciter  where  three-phase 
rectification  normally  would  be  used.  Figure  3.2.2./*  shows 
the  magnetic  flux  path  of  a  typical  rotary  transformer.  The 
magnetic  flux  path,  while  encircling  the  primary  and  secondary 
windings  in  this  transformer,  also  must  cross  two  air  gaps. 

These  air  gaps  are  kept  at  0.003"  each.  Mechanically,  the 
secondary  windings  on  this  transformer  are  free  to  rotate  con¬ 
centrically  around  the  axis  of  a  transformer  which  also  is  the 
axis  of  a  mounting  shaft  of  the  machine  assembly.  The  primary 
winding  and  its  magnetic  flux  pattern  is  stationary  and  secured 
to  the  frame  of  the  machine  housing.  To  produce  the  required  DC 
current  for  the  main  machine  field  excitation,  the  secondary 
winding  of  the  rotary  transformer  is  terminated  in  the  single 
phase  rectifier  bridge  arrangement.  Single  phase  rectification 
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provides  AC  to  DC  conversion*  Since  high  frequency  operation 
of  the  rotary  transformer  is  possible,  the  design  of  this 
transformer  and  selection  of  magnetic  materials  together  with 
magnetic  geometry  of  t.he-  r-otary  transformer  is  very  important. 
The  high  frequency  operation  allows  this  rotary  transformer  to 
be  constructed  in  small  size  and  weight  configurations.  The 
reduction  of  a  rotary  transformer  weight  and  size  is  very  im- 
portant  to  the  overall  brushless  starter-generator  geometry 
and  weight. 

3.2.2. 1  Design 

Since  the  magnetic  flux  distribution  of  this  rotary  transformer 
as  shown  in  Figure  3.2.2A,  includes  two  air  gaps,  the  leakage 
inductance  between  the  primary  and  secondary  windings  is  of 
great  importance.  This  leakage  inductance  controls  the  dura¬ 
tion  of  the  commutation  overlap  interval  in  the  single  phase 
bridge  rectifier  assembly.  Since  the  main  machine  excitation 
current  must  cover  the  range  of  zero  to  50  amperes,  the  commu¬ 
tating  reactance  controls  the  maximum  output  current  magnitude 
and  influences  the  selection  of  the  operating  frequency  of  this 
rotary  transformer.  In  order  to  operate  at  high  frequencies 
the  commutating  inductance  value  must  be  low.  The  geometry  of 
the  rotary  transformer  was  selected  to  minimize  the  leakage 
inductance.  The  design  goal  of  the  leakage  inductance  was 
10  microhenries.  The  operating  frequency  was  selected  to 
range  from  2  kilohertz  to  4  kilohertz.  The  low  frequency 
range  of  this  rotary  transformer  is  used  during  the  starting 
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mode  of  the  brushless  starter-generator  and  the  high  frequency 
operating  point  during  the  generator  mode  of  the  system.  Be¬ 
cause  of  multidirection  of  flux  flow  pattern  in  the  rotary 
transformer  magnetics,  the  choice  of  magnetic  materials  was 
carefully  investigated.  The  following  magnetic  materials  were 
considered  for  the  rotary  transformer  application. 

Silicon  Iron  (3%),  Grain  Oriented 

Cubex  Iron,  Grain  Oriented 

47%  Ortonol 

Superma 1 loy 

Ceramic  pot-cores 

The  objective  was  set  to  select  the  magnetic  material  that 
exhibits  easy  axis  of  magnetization  (1,0,0)  along  the  direction 
of  the  magnetic  flux  flow  in  this  rotary  transformer.  In  prac¬ 
tice,  problems  were  encountered  in  providing  workable  samples 
of  magnetic  materials  for  this  design.  The  magnetic  material 
vendors  were  unyieldy  in  supplying  us  with  necessary  samples. 

The  ceramic  pot-cores  required  special  reinforcement  in  order 
to  keep  the  integrity  of  magnetic  materials  under  the  fairly 
high  peripheral  speeds  encountered  in  this  rotary  transformer 
design.  Since  this  reinforcement  required  special  dies  and 
casts,  the  ceramic  core  manufacturers  were  reluctant  to  par¬ 
ticipate  in  this  development. 

Silicon  iron  (3%)  was  rejected  because  of  an  easy  axis  of  mag¬ 
netization  being  only  along  the  one  direction  of  magnetic  flux 
path. 
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The  pancake  design  of  Cubex  iron  '-’•’dj  available  and  tested 
The  bench  tests  were  encouraging.  The  final  machining  of  a 
transformer  air  gap  damaged  laminations  and  hardware  was  ao.m- 
doned. 

3. 2. 2. 2  Fabrication 

The  47  portinol  magnetic  material  exhibiting  mutually  perpen¬ 
dicular  easy  axis  of  magnetization  was  procured.  These  lamina¬ 
tions  were  2  mils  in  thickness  and  were  edge-stacked  in  the  rotor 
and  stator  core  assemblies.  Retaining  rings  were  used  to  main¬ 
tain  the  integrity  of  the  rotary  transformer  during  high  speed 
operation  of  the  magnetic  material.  The  rotary  transformer  was 
would  with  an  edge  type,  HML  insulated  rectangular  copper  wire. 
The  primary  winding  of  this  rotary  transformer  is  center  tapped. 
The  secondary  is  wound  on  the  rotating  member  of  the  transformer 
core.  Its  output  is  rectified  by  bridge-type,  single  phase  rec¬ 
tifiers.  Figure  3.2.2.2A  shows  disassembled  hardware  of  the 
rotary  transformer.  The  spin  tests  at  elevated  temperatures  up 
to  a  speed  of  15,000  RPM  showed  no  movement  of  mechanical 
assembly  indicating  stable  mechanical  conditions  of  this  rotary 
transformer. 

The  rectifier  assembly  is  shown  in  Figure  3.2.1.1A.  In  this 
figure  an  assembly  of  two  circular  plates  with  swage  type  rec¬ 
tifiers  pressed  in  their  mounting  holes  are  used  for  the  rec¬ 
tification  of  the  rotary  transformer  output.  Once  the  rectifier 
hardware  was  made  available  and  coni.ected  to  the  rotary  trans- 
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former  and  the  AC  voltage  regulator,  it  was  possible  to  check 
Che  complete  rotary  transformer  excitation  hardware  while  the 
machine  was  at  standstill.  This  is  quite  an  important  factor. 
Normally,  the  rotary  exciter  has  no  output  at  standstill  and 
cannot  be  tested  or  its  operation  investigated  in  its  standstill 
mode.  Contrary  to  the  rotary  exciter,  this  hardware  allows  a 
full  electrical  check-out  and  an  electronic  investigation  of 
various  transformer- rectif ier  parameters  while  the  machine  is 
at  standstill.  The  commutation  interval  of  the  rectifying 
diodes,  RF  noise  and  other  important  parameters  can  be  observed 
and  analyzed  with  ease.  Figure  3. 2. 2. IB  shows  an  electrical 
schematic  of  the  rotary  transformer  rectifier  assembly.  The 
tests  of  this  excitation  hardware  were  in  full  agreement  with 
the  design  goals. 

3.2.3  Rectifiers  for  Generating  Mode 

Since  the  required  electrical  power  during  the  generating  mode 
must  be  DC,  it  is  necessary  to  rectify  the  AC  output  of  the 
electromechanical  converter.  This  rectification  is  performed 
with  the  help  of  multiphase  rectifier  hardware.  To  reduce  the 
AC  ripple  component  in  the  DC  output,  it  was  necessary  to  use 
two  sets  of  three-phase  rectifier  bridge  assemblies.  To  keep 
the  best  utilization  of  machine  windings,  the  three-phase 
bridge  circuitry  was  chosen.  The  machine  housing  was  designed 
as  a  rectangular  tube  instead  of  a  conventional  cylinder  shape. 
In  each  corner  of  the  housing  three  rectifier  assemblies  of 
positive  or  negative  polarity  were  mounted.  As  was  explained 
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Figure  3.2.2.1b 

previously,  the  same  comers  in  the  machine  housing  are  also 
used  for  carrying  the  machine's  cooling  air.  The  mounting  of 
rectifiers  in  these  comers  required  substantial  care  in  choos¬ 
ing  their  geometry  since  very  low  air  flow  interference  can  be 
tolerated.  The  original  choice  was  to  use  diodes  mounted  on 
common  substrate  so  that  minimum  air  flow  interference  is  pro¬ 
duced.  The  search  for  semiconductor  vendors  to  supply  these 
devices  was  made.  After  reviewing  a  number  of  semiconductor 
manufacturers,  it  was  discovered  that  the  necessary  technology 
in  hermetically  sealing  three  rectifier  assemblies  on  one  heat 
sink  is  not  readily  available  for  direct  utilization  to  this 
program.  The  hermetic  seal  against  environmental  conditions 
encountered  in  this  brushless  starter-generator  application 
was  the  key  in  the  requirements  of  the  three-rectifier  cell 
assembly. 

Special  fabrication  effort  was  undertaken  by  Tarzian  Manufac¬ 
turing  Co.  to  produce  three  rectifier  junctions  mounted  on  a 
common  heat  sink  and  being  hermetically  sealed. 

Meanwhile,  discrete  components  were  evaluated  for  their 
capability  to  do  this  job.  It  appeared  that  conventional 
devices  temporarily  could  be  substituted  in  place  of  the 
three  diode  common  heat  sink  assembly  in  each  comer  of  the 
machine  housing  to  provide  the  necessary  multiphase  rectifi¬ 
cation.  The  possible  overvoltage  on  the  DC  bus  and  the  machine 
voltage  transients  set  the  rectifier  peak  reverse  voltage 
capability  --  minimum  80,  desirable  100  volts  peak.  The 
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average  current  rating  was  established  to  be  33  amps  average 
and  37  amps  RMS  per  rectifier.  These  values  are  derived  from 
200  amp  output  rating  of  the  brushless  starter  generator.  Lach 
rectifier  in  this  rectifier  assembly  is  used  for  one  third  of 
its  duty  cycle.  The  nominal  operating  frequency  is  400  Hertz. 
In  each  comer  of  the  machine  housing  one  quarter  of  a  total 
machine  cooling  air  is  passed  through  the  three  rectifier 
assembly  mounting.  Figure  3.2.3a  shows  a  typical  rectifier 
set  assembly.  In  selecting  the  heat  sink  design  and  the 
necessary  hardware  to  mount  the  rectifiers,  the  cooling  condi¬ 
tions  at  various  altitudes  were  considered.  The  investigation 
confirmed  the  sufficient  cooling  of  the  rectifiers  over  the 
extreme  environmental  conditions  of  this  brushless  starter- 
generator  system. 

3.2.3. I  Integrated  Rectifier  Modules 

The  integrated  package  of  three  positive  or  negative  polarity 
diodes  is  still  considered  as  a  best  hardware  approach  for  this 
machine's  output  rectification.  The  principle  difficulty  of 
obtaining  these  units  is  semiconductor  manufacturers'  willing¬ 
ness  to  produce  the  required  modules  meeting  military  require¬ 
ments.  A  number  of  devices  were  investigated  and  all  had 
problems  with  hermetic  sealing.  To  produce  devices  with  sound 
hermetic  sealing  requires  development  effort  by  the  semicon¬ 
ductor  manufacturers  which  will  not  be  undertaken  for  this 
program.  Figure  3.2.3.1A  shows  the  typical  construction  of  an 
integrated  three-diode  assembly.  The  units  were  ins, ailed  in 
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the  machine  and  tested  for  electrical  performance.  The 
hermetic  seal  was  considered  very  poort  therefore  environmental 
testing  was  not  conducted. 
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SECTION  IV 


4.0  STATIC  COMMUTATOR 

4.1  COMMUTATOR  DEFINITION 

In  this  brushless  starter-generator  system  the  static  commuta¬ 
tor  is  defined  as  an  arrangement  of  the  solid  state  switching 
devices  capable  of  transferring  electrical  current  between 
sets  of  machine  windings  upon  application  of  low  level  command 
signal.  This  arrangement  of  solid  state  devices  is  actually 
achieved  by  assembling  similar,  individually  packaged,  semi¬ 
conductor  modules  operating  in  their  switching  mode.  The 
switching  mode  is  needed  to  reduce  the  over-all  losses  of  the 
solid  state  static  commutator.  The  static  commutator  is  the 
most  important  subassembly  in  this  brushless  starter-generator 
program.  Its  selection,  definition  and  procurement  took  the 
largest  portion  of  this  program's  effort.  In  the  design  of 
the  electrical  machine  it  was  pointed  out  that  the  optimum 
electromagnetic  weight  of  the  machine  is  achieved  with  at 
least  800  ampere  input  current  level.  This  high  input  current 
level  happens  in  the  starting  mode  of  the  brushless  starter- 
generator  system.  Further  machine  analysis  disclosed  multi¬ 
phase  operation  was  needed.  The  multiphase  operation  was 
chosen  to  consist  of  two  sets  of  three-phase  windings.  The 
two  sets  of  windings  disclosed  the  possibility  of  using  400 
amps  per  each  set  of  three  phase  machine  windings.  The  choice 
of  400  amp  current  level  per  each  three  phase  lading  also  is 
helpful  in  procurement  of  a  solid  state  switch  needed  for  the 
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static  commutator.  Further  attempts  of  parallel  machine 
windings  showed  increasing  penalties  in  the  machine  size 
and  weight  and  therefore  was  not  recommended.  The  prelimin¬ 
ary  design  of  the  machine  disclosed  its  weight  to  be  at  25  lbs. 
Since  the  specification  requirement  in  Exhibit  "A"  sets  the 
total  weight  at  30  lbs.,  this  left  only  5  lbs.  for  the  static 
commutator  hardware.  The  operating  voltage  on  each  commutator 
switch  in  the  three-phase  bridge  arrangement  is  equal  to  the 
input  voltage  level  set  to  be  30  volts  DC.  The  voltage  rating 
for  the  static  commutator  switch  was  set  to  be  80  volts  peak 
minimum  with  preference  for  100  volts  peak.  This  choice  came 
about  from  the  requirements  of  MIL-STU-704  which  is  applicable 
to  this  hardware.  Thermally,  the  static  commutator  switch  must 
be  capable  of  storing  its  losses  during  the  starting  cycles. 

It  is  important  to  note  that  no  cooling  provisions  are  available 
during  the  starting  mode  of  the  brushless  starter-generator  opera¬ 
tion.  Furthermore,  the  static  commutator  switch  must  operate  in 
the  environment  as  described  by  applicable  military  specifica¬ 
tions  covering  the  conventional  starter-generator  machines. 

From  the  above  statements  the  crude  definition  of  solid  state 
commutator  switch  requirements  was  made  available  early  in  the 
program. 

a)  Solid  state  switch  current  handling 

capability  400  amperes 

b)  Solid  switch  sustaining  voltage  SO  volts  peak 

c)  Solid  state  switch  weight  .4  to  .5 

(approx.) 


fr 
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12 

5  volts , 10  mils 
compatible  with 
l.C.  outputs 

A  cylinder 
approximately 
3"  long,  5-1/2" 
diameter 

A  wedge  occupy¬ 
ing  l/12th  of 
the  commutator 
cylinder. 

The  above  definition  of  static  commutator  switch  requirements 
provided  a  program  with  early  information  needed  to  investigate 
feasibility  of  the  static  commutator  hardware.  The  feasibility 
of  the  static  commutator  was  divided  into  two  branches  of  research. 
One  branch  of  research  was  dealing  with  silicon  controlled  recti¬ 
fiers  —  thyristors.  The  second  group  was  investigating  the 
transistor  hybrid  switches.  The  possibility  of  using  silicon 
controlled  rectifiers  for  this  commutator  was  investigated  in 
various  details.  A  number  of  single  SCR  switches  with  forced 
commutation  were  investigated  for  applicability  to  this  job. 

Some  of  them  were  built  and  tested  to  verify  the  design  accurac¬ 
ies.  For  example,  a  single  SCR  switch  capable  of  controlling  200 
amps  of  0C  current  at  30  VDC  was  breadboarded  and  tested.  It 
closely  agreed  with  design  predictions  indicating  its  weight  was 
in  commutating  capacitors  and  other  auxiliary  components;  fur¬ 
ther  weight  reduction  was  not  feasible.  If  the  single  switch 
weighs  2-1/2  pounds  and  12  switches  are  required  for  the  full 

solid  state  commutator  as  applicable  to  this  program,  it  was 
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d)  Number  of  switches  required  for 
static  commutator 

e)  Solid  state  switch  control  signal 

f)  Static  commutator  geometry 

g)  Solid  state  switch  geometry 


evident  very  quickly  that  this  approach  had  to  be  abandoned 


The  other  approach  of  using  SCR's  for  this  solid  state  corarouta- 
tor  was  quite  attractive  at  the  beginning  of  this  program.  This 
approach  was  using  SCR's  in  their  natural  commutation  mode. 

(This  mode  of  operation  is  possible  when  dealing  with  multi¬ 
phase  synchronous  machines).  Since  the  machine  operates  in 
synchronous  start,  the  match  of  machine  and  SCR  type  commutator 
appeared  to  be  quite  feasible.  In  this  inversion  approach  SCR's 
are  used  in  their  power  inversion  mode  producing  DC  to  AC  power 
inversion  with  the  aid  of  the  machine's  back  EMF.  The  weight  of 
this  solid  state  switch  was  only  4  to  6  ounces  and  appeared 
quite  suitable  for  this  brushless  starter  commutator  applica¬ 
tion  where  total  weight  of  the  commutator  must  not  exceed  5 
pounds.  The  problem  encountered  was  in  the  initial  starting 
of  the  machine.  The  total  inertia  of  the  machine,  including 
its  load,  was  too  high  to  produce  initial  SCR  current  commuta¬ 
tion  as  required.  The  back  EMF  produced  for  commutating  the 
first  SCR  with  the  system  heavily  loaded  with  inertia  type  load 
was  too  low  to  provide  natural  commutation  of  current  from  one 
winding  to  the  other.  The  machine's  weight  and  size  for  the 
inertia  values  as  specified  by  Exhibit  "A"  did  not  make  this 
approach  feasible. 

The  second  branch  of  research  in  their  study  of  solid  state 
commutator  feasibility  was  showing  progress  but  only  with  the 
advancement  in  the  "state-of-art"  of  power  transistors.  This 


came  about  from  the  fact  that  400  ampere  current  handling 
silicon  transistors  were  not  available,  although  this  high 
amperage  requirement  could  be  met  by  parallel  arrangement  of 
transistors.  The  singular  discrete  transistors  arranged  to 
handle  the  400  ampere  current  level  could  not  be  packaged  in 
the  required  size  and  weight  of  previously  defined  single 
solid  state  switches.  It  became  apparent  that  the  solution 
for  the  small  size,  light  weight,  solid  state  commutator  lies 
in  the  special  packaging  of  solid  state  devices  on  a  common 
substrate.  By  further  investigation  of  this  idea  among  the 
transistor  manufacturers,  it  was  decided  to  take  this  hybrid 
approach  to  fulfill  the  requirements  of  this  solid  state  com¬ 
mutator.  This  approach  verified  the  initial  assumptions  con¬ 
sidered  in  the  proposal  stages  of  this  contract. 

Procurement 

A  detailed  specification  was  written  in  order  to  procure  the 
solid  state  commutator  hardware.  This  document,  LSI/PED  speci¬ 
fication  No.  15-100011,  was  prepared  and  distributed  to  in¬ 
terested  vendors.  The  instructions  for  bidding  included  a 
requirement  for  attendance  at  a  Bidder's  Conference  prior  to 
proposal  submittal.  This  conference  was  held  and  all  speci¬ 
fication  details  were  reviewed  with  the  attending  vendors. 

The  following  manufacturers  were  present  at  the  Bidder's  Con¬ 
ference. 

Delco  Division  of  GMC 


Westinghouse 


RCA 


Solltron 

Silicon  Transistor  Corporation  (STC) 

Motorola 

Texas  Instruments 
General  Electric 

Technical  Proposals  were  received  from  the  following  manu¬ 
facturers  : 

RCA 

Silicon  Transistor  Corporation  (STC) 

Solitron 

Westinghouse 

Proposal  evaluation  was  made  on  technical  content,  design 
approachs,  price  and  delivery. 

A  contract  was  subsequently  awarded  to  RCA  for  Design  and 
Development  and  fabrication  of  two  sets  of  hardware  (two 
commutators)  on  with  delivery  to  be  eight  (8)  months  after 
receipt  of  order. 
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4.1.2  Description  of  Vendor  Circuit  Approach  and  Module  Fabrication 

The  detailed  circuit  approach  and  module  fabrication  to  be  used  in 
the  static  commutator  is  presented  in  RCA's  technical  proposal  in¬ 
cluded  in  Appendix  II  of  this  report. 

The  proposed  static  commutator  package  mock-up  was  constructed  by 
KCA  early  in  the  program  so  that  thermal  storage  capabilities  could 
be  evaluated.  The  unit  consisted  of  commutator  housing  (frame)  and 
12  wedges  representing  the  solid  state  switches.  The  switches  were 
held  to  the  housing  (frame)  by  the  retainer  brackets.  Figure  4.1.2A 
shows  this  package  assembly.  The  thermal  tests  were  performed  by 
heating  the  switch  mock-up  with  internally  mounted  resistors.  The 
weight  of  the  assembly  was  approximately  3.5  lbs.  The  tests  in¬ 
dicated  insufficient  thermal  storage  capability  of  the  overall 
package  and  high  thermal  impedance  paths.  Therefore,  the  com¬ 
mutator  package  was  redesigned.  The  new  package  distributed  the 
available  commutator  material  among  the  switches,  thereby  eliminat¬ 
ing  the  original  commutator  housing.  Figure  4.1.2B  shows  the  new 
commutator  package  mock-up  consisting  of  12  switches,  bach  switch 
uses  1/1/12  of  the  commutator  weight  which  was  estimated  to  be 
approximately  5  lbs. 

The  individual  switch  hardware  is  shown  in  Figure  4.1.2C.  The 
three  pins  shown  in  the  front  face  of  the  switch  are  command 
signal  inputs.  The  bolts  are  used  to  connect  the  main  input 
power  and  the  machine  windings.  One  of  the  bolts  is  also  used 
to  mount  the  switch  to  the  frame  of  the  machine.  The  switch 
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hardware  is  indexed  so  that  positive  and  negative  switches  can 
not  be  accidentally  interchanged. 

The  fabrication  stages  of  the  solid  state  sw.'  tch  modules  are 
shown  in  the  following  series  of  photographs. 

Stage  1  is  a  blank  aluminum  heat  sink. 

Stage  2  shows  the  molibdenum  pedestals  mounted  for  the 
positive  and  negative  switch  assemblies. 

Stage  3  shows  6  power  transistor  modules  mounted. 

Stage  4  shows  driver  units  mounted  to  the  assembly. 

Stage  3  displays  power  and  driver  transistor  units  completed. 
Stage  b  shows  preamplifier  and  pre-driver  stages  installed  to 
positive  and  negative  switch  modules. 

Stage  7  displays  finished  assembly  with  cover  on. 

The  initial  intent  by  KCA  was  to  fabricate  two  sets  of  commutator 
hardware  for  this  contract.  Work  was  started  with  enough  material 
for  100  switch  modules.  During  the  fabrication  stages  difficulties 
plagued  the  program  and  the  yield  of  this  pilot  fabrication  was 
very  low.  After  various  corrections  in  the  fabrication  equipment 
and  procedures,  enough  modules  were  fabricated  for  one  complete 
set  of  static  commutator  hardware. 

4.1.3  Evaluation  of  Procured  Devices 

The  final  shipment  of  the  static  commutator  switches  was  received 
during  the  month  of  February  1969.  The  total  number  of  usable 
devices  was  13,  (6  positive  modules  and  7  negative  modules). 

An  order  was  placed  for  2  additional  positive  switches.  Their 
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STAGE  -2 


NEGATIVE 


POSITIVE 


NEGATIVE 
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delivery  was  set  to  be  April  1969. 

The  units  received  were  tested  by  RCA  at  20  Hz  and  200  Hz  at  10% 
and  33%  duty  cycle.  Tests  were  conducted  for  saturation,  turn  off 
time  and  leakage  current  at  several  temperatures  up  to  123°C. 

The  LSI/PEO  receiving  inspection  tests  were  performed  on  all  the 
units  and  the  findings  were  summarized  in  Table  1. 

During  the  acceptance  tests  at  LSI/PED,  negative  switch  #64  failed 
while  operating  at  100  amps.  RCA  tests  show  this  unit  operating 
at  400  amps. 

Of  the  units  delivered,  several  units  were  derated  due  to  removal 
of  either  a  driver  or  output  transistor  module.  (This  module 
failed  during  the  fabrication  stages  of  the  switch  and  could  not 
be  salvaged).  The  workable  delivered  units  and  their  associated 
ratings  are  given  in  Table  II. 

The  commutator  switches  produced  as  a  result  of  the  RCA  development 
program  represent  a  best  effort  device  and  the  state-of-the-art  in 
power  switching  modules.  However,  they  do  not  meet  the  requirements 
as  outlined  in  the  original  specification  for  the  static  commutator. 
(LSI/PED  specification  Ho.  15-100011).  They  do,  however,  provide  a 
commutator  that  can  be  evaluated  with  the  machine  to  provide  data 
on  switch  electrical  performance  and  the  performance  of  the  machine 
with  the  static  commutator  within  the  performance  limitations  of  the 
switch.  Because  of  the  lack  of  spare  switches  the  test  program  had 
to  be  carried  out  in  a  more  careful  manner  than  would  be  necessary 
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TABLE  I 


Switch 

No.  Type 

Saturation  Voltage 

200A  300A 

(Volts)  (Volts) 

Storage  Time 

200A  300A 

(usee)  (psec) 

Fall 

200A 

(psec) 

T  ime 
300A 
(psec! 

8 

Pos. 

1.85 

2.75 

11 

14 

10 

15 

11 

Pos. 

2.25 

3.4 

12 

16 

10 

18 

16 

Pos. 

2.1 

2.85 

9 

14 

8 

15 

51 

Neg. 

1.4 

2.0 

12 

17 

10 

20 

52 

Neg. 

1.2 

1.5 

10 

20 

8 

22 

71 

Neg. 

1.6 

2.2 

9 

16 

8 

17 

6 

Pos. 

1.9 

2.4 

11 

10 

10 

12 

11 

Pos. 

3.1 

6.2 

14 

14 

14 

16 

12 

Pos. 

2.8 

© 

© 

2 

13 

2 

19 

Pos. 

1.6 

2.4 

13 

13 

10 

12 

100 

Pos. 

2.2 

3.2 

11 

10 

15 

16 

50 

Neg. 

2.5 

3.8 

8 

7 

14 

15 

62 

Neg. 

2.2 

3.7 

9 

7 

11 

13 

64 

Neg. 

Failed  dur 

ing  initial 

test  (?  100 

amps 

65 

Neg. 

1.9 

2.6 

9 

8 

13 

13 

70 

Neg. 

2.1 

2.7 

9 

8 

15 

17 

71 

Neg. 

2.0 

2.7 

8 

7 

12 

13 

© 

Readings 

after  repair  of 

switches . 

© 

Readings 

not  taken  at  300 

i  amps  because  of  high 

saturation 

voltage 

(6V  @  250  amps). 

TABLE  II 


Switch 

No.  Tvne 

Functioning 

Output 

Transistors 

Functioning 

Driver 

Transistors 

Output  Current  Rating 
(amps) 

6 

Pos. 

6 

7 

400 

8 

Pos. 

6 

5 

334 

11 

Pos. 

6 

5 

334 

12 

Pos. 

6 

6 

400  * 

19 

Pos . 

6 

7 

400 

100 

Pos. 

5 

7 

334 

50 

Neg. 

5 

3 

334 

51 

Neg. 

6 

3 

400 

52 

Neg. 

6 

3 

400 

62 

Neg. 

6 

3 

400 

65 

Neg. 

6 

3 

400 

70 

Neg. 

6 

3 

400 

71 

Neg. 

6 

3 

400 

Units 

#16  and  64 

are  not  included 

since  they  failed  in 

tests  at  LSI/PEU. 

*  Although  switch  #12  is  rated  at  400  amps  by  RCA,  LSI/PEi)  tests  indicated 
the  saturation  voltage  is  too  high  to  risk,  this  operation  in  the  circuit 


if  more  spares  were  available.  The  derating  of  some  of  the  switches 
also  imposed  an  upper  limit  of  200  amperes  on  the  current  at  which 
the  system  could  be  tested.  Although  an  attempt  could  have  been 
made  to  operate  at  higher  currents,  the  risk  factor  would  have  been 
very  high. 

The  units  were  deficient  as  per  requirements  of  LSI/PED  speci¬ 
fication  15-100011  in  the  following  areas: 

a)  Current  handling  capacity 

b)  Thermal  storage  capacity 

c)  Hermetic  seal 

Beyond  the  above,  KCA  delivered  only  one  set  of  the  static  com¬ 
mutator  hardware  without  rectifying  diode  modules.  The  lack  of 
spare  parts  imposed  severe  risks  in  testing  the  brushless  starter- 
generator  system  during  the  starting  mode.  At  the  very  beginning 
of  these  tests  it  was  known  that  the  full  starting  mode  requirements 
would  not  be  met.  The  testing  was  performed  only  to  establish  the 
feasibility  of  the  starter-generator  concept  and  the  machine  design. 
Commutator  switches  that  meet  the  original  specification  would  be 
required  to  assure  the  specified  starter-generator  performance. 

The  final  report  covering  KCA's  work  on  the  static  commutator 
switches  is  attached  in  Appendix  III  of  this  report. 
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Additional  Electronic  Components 

Analog  to  Digital  Converter  for  Shaft  Position  Indicator  Signal 
The  shaft  position  indicators  used  in  this  brushless  starter* 
generator  system  are  electromechanical  transducer  devices  whose 
electrical  characteristics  are  changed  by  mechanical  means*  The 
hardware  employed  in  this  instance  is  a  rotating  wheel  assembly 
which  modulates  the  air  gap  flux  of  the  electromagnetic  pick-up 
while  rotating  a  fixed  proximity  from  it.  Electrical  output  of 
the  pick-up  is  shown  in  Figure  3.2.1. A.  The  output  is  amplitude 
modulated  AC.  In  order  to  convert  this  output  to  the  digital 
signal  compatible  with  the  static  commutator  input  command, 
additional  circuitry  must  be  used  to  shape  this  analog  modu¬ 
lated  AC  output.  Figure  4.2. 1A  shows  this  additional  circuitry 
necessary  for  pulse  shaping.  The  input  as  shown  in  Figure 
4.2.1A  is  an  amplitude  modulated  AC  signal  derived  from  the  mag¬ 
netic  pick-up.  It  must  be  demodulated  so  that  the  information 
stored  in  the  magnitude  variation  of  this  signal  could  be  used 
for  commutator  switch  control.  The  demodulation  is  achieved  by 
half  wave  rectification  and  RC  filtering.  The  varying  DC  output 
from  the  RC  filter  is  applied  to  the  input  of  the  voltage  lever 
comparator.  This  is  a  simple  analog  to  digital  signal  conversion. 
Integrated  circuitry  type  voltage  level  comparator  with  hysteresis 
is  used  as  the  basic  analog  to  digital  converter.  The  output  of 
A/D  converter  is  a  typical  square  wave  signal.  For  each  set  of 
three  phase  machine  output,  three  pick-ups  are  employed.  The 
demodulation  and  A/D  converter  currents  are  identical  for  all 
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pick-ups  to  one  shown  in  Figure  4.2. 1A.  Therefore,  for  each  set 
of  three-phase  machine  windings  the  output  is  a  set  of  three 
square  waves.  Since  magnetic  pick-ups  are  displaced  approximately 
120  electrical  degrees  from  each  other,  the  A/D  converter  output 
square  waves  are  approximately  120°  apart.  By  adjusting  the 
pick-up  positions  an  A/D  converter  level,  symmetrical  120°  phase 
shift  among  three  A  to  D  converter  outputs  is  achieved.  This  set 
of  symmetrical  three-phase  square  waves  is  applied  to  the  group 
of  NAND  gates  shown  in  Figure  4.2. IB.  The  NAND  gates  are  arranged 
in  such  a  way  that  three-phase  120°  stepped  wave  forms  are  pro¬ 
duced  by  the  NAND  gates.  These  outputs  are  the  exact  digital 
wave  forms  needed  to  control  the  static  commutator  switches. 
Similar  circuitry  is  used  for  the  second  set  of  three-phase 
machine  windings  and  three  pick-ups  mounted  in  the  housing  of 
the  machine.  Their  outputs  are  demodulated  and  A  to  D  converters 
are  used  to  produce  digital  square  wave  signal.  The  output,  after 
the  NAND  gate  stage,  is  another  set  of  12n°  stepped  square  wave, 
three-phase  output.  Between  these  two  sets  of  outputs  there  is 
30°  phase  shift.  This  phase  shift  is  compatible  with  the  30° 
phase  shift  designed  in  the  two  sets  of  three-phase  machine 
windings.  During  the  starting  operation,  bot  sets  of  machine 
windings  are  energized  appropriately.  Although  the  two  sets  of 
windings  are  energized,  the  30°  phase  shift  is  maintained  througn- 
out  the  whole  operation.  This  multi-phase  arrangement  is  respon¬ 
sible  for  the  smoother  torque  produced  by  the  machine. 
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Figure  <4.2.18 


4.2.2  Auxiliary  Power  Supplies 

To  operate  the  static  commutator  switches  it  is  necessary  to 
provide  them  with  auxiliary  power  supplies.  The  auxiliary 
power  supplies  are  not  physically  located  on  the  brushless 
starter-generator  hardware.  They  are  packaged  in  the  voltage 
regulator  assembly.  The  auxiliary  power  supplies  shall  maintain 
the  output  voltage  of  11  volts  -.5  volt  and  should  be  capable  of 
providing  current  peaks  up  to  10  amps.  Because  of  the  positive 
and  negative  static  commutator  switches  used,  the  power  supplies 
must  be  common  to  plus  and  minus  DC  input  busses.  For  example, 
an  isolated  power  supply  is  needed  to  energize  positive  switches 
and  an  isolated  power  supply  is  needed  to  energize  negative 
switches. 

A  number  of  circuitries  were  investigated  to  produce  the  necessary 
auxiliary  power  supplies.  All  the  circuits  used  solid  state  de¬ 
vices  in  their  switching  mode.  In  this  mode  the  efficiency  of 
the  power  supply  is  highest  and  dissipation  losses  are  minimized. 

A  set  of  power  supplies  was  breadboarded  and  tested  under  the 
required  loading  conditions  compatible  with  solid  state  commutator 
hardware.  Although  electrically  the  power  supplies  performed 
satisfactorily,  physically  the  size  and  weight  of  these  power 
supplies  was  not  suited  for  this  program.  Further  investigations 
were  made  in  reduction  of  size  and  weight  of  the  power  supplies. 
The  conclusions  indicated  that  similar  solid  state  devices  and 
packaging  techniques  are  required  for  these  power  supplies  as  the 
devices  used  in  the  solid  state  commutator.  It  was  decided  to 
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postpone  the  packaging  of  power  supplies  until  more  technical 
data  and  a  better  understanding  is  gained  on  solid  state  switches 
used  in  the  static  commutator  hardware. 
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5.0  BRUSHLESS  STARTER  GENERATOR  SYSTEM  HARDWARE 

5.1  System  Interconnections 

Despite  the  deficiencies  in  the  technical  performance  of  the 
solid  state  commutator  switches  and  very  limited  quantity  of 
spare  parts  of  the  static  commutator,  it  was  agreed  to  continue 
this  program  and  assemble  the  brushless  starter-generator  hardware 
for  tests  in  the  starting  mode.  The  generating  mode  of  this 
brushless  starter-generator  was  accomplished  independently  of 
the  solid  state  commutator.  To  simulate  the  Identical  air  flow 
restrictions,  a  mock-up  commutator  assembly  was  made  and  attached 
to  the  machine  housing.  For  the  starting  mode  the  brushless 
starter-generator  system  was  interconnected  with  extended  wiring 
leaving  the  commutator  solid  state  switches  mounted  some  6  feet 
away  from  the  electromechanical  converter.  This  required  careful 
placement  of  signal  leads  connecting  the  shaft  sensing  A  and  D 
converter  and  the  input  power  leads  of  the  solid  state  commutator. 

5.1.1  Interconnections  of  Electromechanical  Converter  Hardware  with 
Static  Commutator  Modules 

The  actual  hardware  interconnections  between  the  static  commutator 
modules  and  the  machine  are  shown  in  Figures  5.1.1A,  5.1. IB  and 
5.1. 1C.  The  figures  A  and  B  are  displaying  one  half  of  the  solid 
state  commutator  each.  (The  one  half  of  the  static  commutator  en¬ 
ergizes  one  three-phase  set  of  machine  windings).  Care  was  exer¬ 
cised  in  assembling  and  testing  the  solid  state  commutator  switches. 
At  that  time,  only  three  spare  switches  were  available  in  the  event 

of  a  failure.  Figure  5.1. 1C  shows  actual  wiring  coming  out  from 
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the  machine.  Figure  5.1. ID  shows  the  electrical  diagram  for 
interwiring  of  static  commutator  modules  in  the  machine.  From 
the  pictorial  views  of  this  hardware  interconnections  it  is 
evident  that  ample  room  was  left  between  each  commutator  solid 
state  switch.  This  room  is  needed  during  various  electrical 
tests  and  observations  of  a  switch  and  machine  operation.  No 
attempt  was  made  to  mount  solid  state  commutator  to  the  required 
density  and  size.  The  main  reason  for  constructing  only  the 
breadboard  assembly  of  the  commutator  is  in  the  understanding 
that  the  tests  will  be  performed  oi-Jy  within  the  limitations  of 
the  deficiencies  of  the  solid  state  switches.  Despite  the  com¬ 
mutator  switch  deficiencies,  the  commutator  tests  were  performed 
in  the  actual  system  set-up  at  a  maximum  possible  current 
handling  capability  of  400  amperes. 

5.1.2  Interconnections  Between  Shaft  Position  Sensor  and  Static 
Commutator 

Figure  5.1. 1C  also  shows  the  vector  board  assembly  of  the  analog 
to  digital  converter  required  for  the  conditioning  of  the  shaft 
position  signal.  The  shielded  leads  on  the  right  hand  side  of 
the  picture  are  coming  from  the  machine  housing  and  are  terminated 
to  the  right  hand  side  of  the  vector  board.  This  shielded  lead 
carries  amplitude  modulated  magnetic  pick-up  information.  A  to  D 
conversion  and  wave  shaping  is  achieved  on  the  vector  board  tem¬ 
porarily  mounted  on  top  of  the  machine.  The  left  hand  side  of 
the  vector  board  provides  a  group  of  shielded  leads  which  carry 
the  command  signal  to  the  commutator  modules.  The  realistic  hard- 
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ware  Co  accomplish  this  A  to  D  conversion  and  pulse  shaping  can 
be  achieved  in  much  smaller  size  Chan  shown  In  Figure  5.1. 1C. 

The  large  scale  integration  circuit  and  new  packaging  techniques 
must  be  used  to  diminish  the  discrete  component  layout  as  shown 
on  the  vector  boards.  Figure  5.1.2A  shows  electrical  schematic 
representing  various  connections  between  the  shaft  position  sens¬ 
ing,  A  to  D  conversion  and  commutator  module  control.  The  mach¬ 
ine  hardware  is  also  equipped  with  a  forced  air  cooling  system. 
This  was  needed  so  that  repeated  starts  of  flywheel  acceleration 
during  the  starting  mode  of  this  brushless  starter-generator 
system  could  be  accomplished  with  minimum  down  time  for  cooling. 
In  order  to  limit  the  current  during  this  starting  mode  of  this 
brushless  starter  generator  set-up,  carbon  pile  adjustable  re¬ 
sistors  were  inserted  between  the  DC  voltage  source  and  static 
commutator  switches.  This  provided  the  test  set-up  with  simple 
yet  effective  means  for  adjusting  current  levels  within  the  safe 
magnitudes  compatible  with  the  solid  state  switches  used  in  the 
breadboard  mounted  static  commutator  assembly. 

System  Excitation 

In  order  to  demonstrate  the  starting  mode  capability  of  this 
hardware  it  was  necessary  to  provide  system  excitation  within 
the  brushless  starter-generator  assembly.  This  excitation  was 
derived  in  the  voltage  regulator  assembly  board.  A  single 
oscillator  was  satisfactory  to  comply  with  different  frequencies 
of  excitation  as  needed  by  the  machine  and  the  shaft  position 
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Electromechanical  Converter  Excitation 

The  electromechanical  converter  excitation  is  achieved  through 
the  rotary  transformer.  Since  the  rotary  transformer  requires 
a  controllable  AC  power,  the  AC  type  voltage  regulator  circuitry 
was  designed  and  breadboarded. 


The  voltage  regulator  was 

operating  as  a  single  phase  DC  to  AC  inverter  with  pulse  width 
control.  By  varying  this  pulse  width,  various  amounts  of  machine 
excitation  were  achieved.  One  set  of  hardware  covered  both  modes 
of  the  brushless  starter-generator  performance.  During  the  gen¬ 
erating  mode  excitation  was  quite  low,  contrary  to  that  of  the 
starting  mode  where  excitation  magnitudes  were  quite  high,  reach¬ 
ing  to  50  and  60  ampere  levels.  To  cover  machine  excitation  over 
both  generating  and  starting  modes,  variation  in  excitation  fre¬ 
quency  was  necessary.  This  variation  in  frequency  was  achieved 
by  the  appropriate  countdown  u  ing  one  high  frequency  oscillator. 

2  to  4  KHz  frequencies  were  used  in  the  voltage  regulator  and 
the  rotary  transformer  operation. 

Shaft  Position  Indicator  Excitation 

The  shaft  position  indicator  excitation  was  derived  from  a  common 
oscillator  used  in  the  voltage  regulator.  Its  operating  frequency 
was  chosen  to  be  at  approximately  16  KHz.  The  isolated  output 
provided  a  square  wave  voltage  waveform  capable  of  handling 
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highly  inductive  currents.  This  excitation  channel  is  operated 
from  a  regulated  DC  voltage  supply.  The  system  transient  voltage 
during  the  start-up,  or  otherwise,  had  practically  no  influence 
on  the  excitation  output  voltage  magnitude;  therefore,  the 
transient  interference  was  eliminated  from  the  shaft  position 
indicator  channel. 

5.2.3  Auxiliary  Power  Supplies 

These  supplies  were  substituted  with  12  volt  lead-acid  type 
batteries.  Where  isolation  was  needed,  a  separate  battery  was 
used.  The  reason  for  this  substitution  was  an  expedience  and 
contract  cost  savings  since  the  system  evaluation  will  be  done 
only  on  what  is  possible  to  achieve  with  the  limited  capabilities 
of  the  static  commutator.  Again,  this  power  supply  substitution 
provided  auxiliary  power  independent  from  the  main  power  supply 
and  its  transients. 

5.3  System  Output  Voltage  Regulator 

Since  a  rotary  transformer  is  used  for  machine  excitation,  the 
voltage  regulator  circuitry  must  produce  AC  output  to  energize 
the  transformer.  The  regulator  circuitry  assumed  DC  to  AC, 
single  phase  inverter  design.  The  input  DC  voltage  was  inverted 
into  an  AC  square  wave  and  in  this  case  the  square  wave  was  pulse 
width  controlled.  The  pulse  width  control  allows  variation  in 
the  output  voltage  of  the  voltage  regulator;  at  the  same  time  the 
rotary  transformer  will  have  variable  output.  With  this  the 
machine  excitation  will  vary  as  required.  To  produce  regulated 
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output  voltage  out  of  the  brushless  starter-generator 
system  during  the  generating  mode,  the  output  voltage  is 
being  sensed  and  compared  with  the  reference,  the  error  ac¬ 
tuates  the  width  of  the  square  wave  pulse  to  be  produced  by 
the  regulator  circuitry  to  the  rotary  transformer  which  in  turn 
varies  the  machine  field  excitation  to  regulate  the  output  of 
the  machine. 

Design  Approach 

Figure  5.3. 1A  shows  typical  circuitry  used  in  this  AC  voltage 
regulator  design.  Maximum  current  requirements  during  the 
starting  mode  reached  60  ampere  levels.  The  circuitry  required 
the  choice  of  transistors  capable  of  handling  the  required  cur¬ 
rent.  The  input  voltage  to  the  regulator  is  30  volts  DC.  Be¬ 
cause  of  the  push-pull  switching  transistor  power  stage  and 
voltage  doubling  effect  the  power  stage  transistor  voltages 
must  be  60  volts  minimum.  The  operating  frequency  of  this  DC 
to  AC  inverter  is  2  to  4  KHz.  During  the  starting  mode,  the  lower 
frequency  is  being  used;  in  the  generating  mode,  higher  frequency 
operation  is  incorporated.  The  square  wave  or  digital  type 
circuitry  produced  by  the  countdown  IC's  is  amplified  by  several 
stages  of  switching  transistor  amplifiers.  The  driver  stages 
provide  the  necessary  width  of  pulse  to  energize  the  power  tran¬ 
sistors.  The  dynamic  range  of  the  control  is  from  approximately 
90%  to  zero  output.  The  percentage  of  full  "ON"  condition  is 
somewhat  variable  depending  on  frequency  chosen  for  the  operation 
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of  this  voltage  regulator.  The  rotary  transformer  winding,  as 
seen  in  Figure  5.3. 1A  is  center  tapped  so  that  only  two  power 
switching  transistors  are  required  to  produce  an  AC  output. 

Figure  5.3. IB  shows  an  over-all  view  of  the  breadboarded  AC 
voltage  regulator.  This  breadboard  assembly  uses  conventional 
discrete  power  transistor  circuitry  to  achieve  its  end  goal. 

The  correct  approach  to  this  output  voltage  regulator  package 
to  be  used  on  the  aircraft  would  require  similar  packaging  as 
that  used  in  the  static  commutator  circuit  approach.  Hardware 
of  this  nature  was  not  contemplated  to  be  procured  for  this 
program  since  the  regulator  is  not  a  part  of  this  contract. 

•3.2  Breadboard  Evaluation 

The  designed  voltage  regulator  breadboard  was  evaluated  for  its 
performance  together  with  the  rotary  transformer  mounted  in  the 
machine  and  loaded  through  rectification  by  the  machine  field 
windings.  This  made  it  possible  to  evaluate  the  performance 
of  the  rotary  transformer.  Figure  5.3. 2A  shows 

typical  wave  forms  of  output  currents  of  the  voltage  regulator 
supplying  the  rotary  transformer  subassembly.  The  unit  was 
capable  of  covering  the  full  range  of  output  control.  The  unit 
was  tested  at  a  variety  of  pulse  width  conditions  and  used  in 
both  generating  and  starting  modes  of  this  brushless  starter- 
generator  system  operation.  The  regulator  helped  to  establish 
that  approximately  10  microhenries  leakage  inductance  exists  in 
the  rotary  transformer  windings.  It  was  shown  that  the  leakage 
inductance  of  the  rotary  transformer  controls  the  maximum  available 
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STATIC  VOLTAGE  REGULATOR  OUTPUT  TRAK3I3TCR  CURRENT 
AT  FULL  LOAD  FIELD  EXCITATION 
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excitation  to  the  machine 


The  voltage  regulator  was  connected  into  the  system  during  the 
generating  mode  and  proper  stabilization  and  accuracy  of  output 
voltage  control  from  the  brushless  starter-generator  was  achieved. 
The  unit  provided  excitation  for  the  low  and  high  speed  range  just 
as  well  as  no  load  to  full  load  machine  operating  conditions. 
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SECTION  VI 


6.0  BRUSHLESS  STARTER  GENERATOR  SYSTEM  PERFORMANCE  EVALUATION 

Once  all  Che  necessary  subassemblies  Co  make  up  the  brushless 
starter-generator  system  were  fabricated,  the  system  was  put 
on  test  to  evaluate  the  performance  and  compare  it  with  the 
predicted  values  obtained  during  the  design.  The  machine  and 
its  subassemblies,  including  all  the  auxiliary  equipment 
necessary  to  operate  a  machine  as  a  generator,  was  made  avail¬ 
able  first,  therefore  the  generating  mode  of  this  system  was 
analyzed  earlier  in  the  program. 

6.1  Generating  Mode 

For  the  tests  in  the  generating  mode,  the  brushless  starter- 

generator  was  assembled  to  a  complete  package.  In  place  of 

the  static  commutator,  a  mock-up  static  commutator  assembly 

was  made  and  attached  to  the  machine.  Figure  6.1A  shows  an 

assembled  brushless  starter-generator  before  the  generating 

mode  tests  were  performed.  The  initial  generating  mode  tests 

were  conducted  to  establish  machine  saturation  voltage  and 

verify  the  output  ripple  magnitude.  Figure  6. IB  shows  typical 

machine  saturation  voltage  versus  machine  field  excitation. 

The  tests  were  performed  at  7,000,  9,000  and  12,000  RPM.  The 

next  set  of  generating  mode  tests  were  performed  under  the 

load  conditions.  The  output  of  the  machine  was  varied  from 

zero  to  200  amperes  to  obtain  the  measurements  of  the  quality 

of  the  output  voltage.  Figures  6. 1C  and  6.  ID  show  the  output  voltage 

ripple  with  and  without  the  output  filter.  Figure  6. 1C  shows  output 
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voltage  ripple  without  an  output  filter  for  half  and  full  load 
conditions.  From  the  information  it  becomes  evident  that  un¬ 
filtered  ripple  voltage  slightly  exceeds  peak  to  peak  ripple 
requirements  of  the  specification.  Therefore,  several  simple 
filter  configurations  were  investigated  to  reduce  the  output 
voltage  ripple  voltage  to  an  acceptable  value.  Since  the  machine 
commutating  reactance  could  be  used  as  part  of  an  inductive  com¬ 
ponent  of  the  LC  filter,  the  single  capacitor  filter  placed 
across  the  output  terminals  of  the  machine  was  satisfactory  to 
reduce  the  ripple.  The  capacitor  used  was  a  300  MFD  tantalum. 

The  output,  volt  ripple  utilizing  the  capacitor  filter  is  shown 
in  Figure  6. ID.  Additional  tests  were  run  to  determine  the 
current  balance  in  the  windings  and  demonstrate  the  proper  opera¬ 
tion  of  a  double  bridge  configuration,  including  two  sets  of 
three  phase  machine  windings  displaced  30  electrical  degrees 
apart  from  each  other.  Figure  6.  IE  shows  the  rectifier  current 
in  one  leg  of  each  bridge  and  indicates  a  good  balance  between 
the  currents.  The  next  set  of  generating  mode  tests  were  per¬ 
formed  to  establish  thermal  capability  of  the  machine  and  its 
rectifiers.  During  these  tests  the  mechanical  mock-up  of  com¬ 
mutator  assembly  was  mounted  on  the  machine  to  simulate  the  air 
flow  conditions  that  will  be  present  in  the  final  assembly  of 
the  unit.  Aga.n,  runs  were  made  at  7,000  and  12,000  RPM,  with 
full  load  current  of  200  amperes.  The  air  flow  was  adjusted  to 
several  different  values  and  the  effect  on  the  machine  and  rec¬ 


tifier  temperatures  was  monitored.  The  test  data  for  these  runs 


is  shown  in  Figures  6. IF  and  G.  Curves  of  various  machine 
temperatures  and  air  flow  are  shown  in  Figures  6.1H  and  J. 

The  rotor  temperature  was  checked  using  temperature  sensitive 
paints  and  indicated  a  maximum  temperature  of  425°F  during  these 
runs.  The  temperature  ran  slightly  below  the  original  tempera¬ 
tures  predicted  by  the  computer  runs.  This  can  be  attributed 
to  the  difference  in  the  exact  air  flow  at  various  points  in 
the  unit,  compared  to  the  original  values  used  in  the  computer 
calculations.  All  temperatures  were  well  within  the  design 
limits  for  all  conditions.  During  the  thermal  tests  the  com¬ 
mutator  section  was  covered  to  prevent  air  leakage  between  the 
switch  modules.  A  comparative  run  was  made  with  the  commutator 
section  open.  This  required  additional  .45"  of  H70  of  inlet 
pressure  to  maintain  the  same  air  flow  through  the  unit.  This 
increase  is  fairly  small  and  indicates  that  the  unit  could  be 
run  with  this  commutator  section  leakage  open,  if  required. 
Finally,  the  starter-generator  was  tested  under  the  full  set 
of  systems  requirements,  including  AC  voltage  regulator  and 
under  the  closed  voltage  loop  conditions.  Again,  thermal  tests 
were  conducted  at  7,000  RPM  at  full  load  of  200  amps  for  several 
volumes  of  inlet  pressure  and  the  effect  of  the  unit  temperature 
monitored.  A  thermal  run  was  also  conducted  at  12,000  RPM  and 
minimum  inlet  pressure  and  the  temperatures  at  various  points 
in  the  unit  recorded.  The  test  data  for  the  va^iou*  runs  is 
shown  in  Figure  6.  IK.  A  curve  of  air  flow  versus  inlet  pressure 
for  130°F  inlet  air  is  shown  in  Figure  6.1L.  For  an  inlet 
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presFur?  of  6”  of  water  (the  maximum  pcnniss ible  piesbure  drop 

stated  in  M1L-G-  6162(2),  the  air  flow  is  below  the  maximum 
allowable  air  flow  stated  in  M1L-G-6162(2) .  A  curve  of  machine 
temperature  versus  inlet  pressure  is  shown  in  Figure  6.1M  and 
indicates  values  well  within  the  design  limits  of  the  machine. 

The  rectifiers'  stud  temperature  versus  inlet  pressure  is  shown 
in  Figure  6. IN.  It  also  Indicates  a  reasonable  safety  margin 
compared  to  the  maximum  allowable  stud  temperature  as  indicated 
by  the  dotted  line.  (This  dotted  line  is  maximum  allowable  stud 
temperature  shown  by  the  manufacturer's  data  for  an  average  cur¬ 
rent  of  33  amps  per  rectifier  and  120  electric.il  degree  conduction,  whi  ch 
are  well  above  the  conditions  at  full  generator  load).  Throughout  the 
thermal  runs  the  machine  and  the  '  readboa rded  regulator  functioned 
properly,  demonstrating  both  electrical  performance  and  mechan¬ 
ical  integrity.  In  addition  to  the  thermal  runs,  photographs 
were  taken  of  the  output  ripple  and  harmonic  analysis  conducted 
at  7,00 0  RPM  at.d  12,000  KPM  at  full  and  half  load  on  the  unit's 
output.  The  photographs  of  an  output  ripple  at  full  and  half 
load  for  two  values  of  filter  capacitors  are  shown  in  Figures 
6.  IP  and  Q,  for  a  machine  speed  of  7,000  RPM.  Figure  6.1R  and 
Figure  6. IS  show  the  output  ripple  at  12,000  RPM.  In  each  case 
the  output  ripple  was  below  maximum  allowable  ripple  of  3  volts 
peak  to  peak  based  on  1.5  volts  peak  of  either  polarity  from  an 
average  DC  output.  The  results  of  harmonic  analysis  of  an  output 
ripple  are  shown  in  Figure  6. IT.  On  the  graph  the  maxiaum  allow¬ 
able  levels  stated  In  MIL-G-  6162(2)  are  shown  to  indicate  the 
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OUTPUT  RIPPLE  VOLTAGE 
12,000  RPM  -  300  MFD  FILTER  CAPACITOR 


Load  V  =  30  VDC 

Load  I  =  100m 

Vert.  ,3V/cm 
Horiz.  .1  msec/cm 


Photo  ^4 


Load  V  =  30  VDC 

Load  I  =  100A 

Vert.  .SV/ctn 
Horiz  .1  ifsec/cm 


Photo  #5 


OUTPUT  RIPPLE  VOLTAGE 
12,000  RPM  -  500  MFD  FILTER  CAPACITOR 


Photo  #6 
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Load  V  =  30  VDC 

Load  I  =  100A 

Vert.  .SV/cm 
Horiz.  .1  msec/cm 


Load  V  =  50  VDC 

Load  I  =  100 A 

Vert.  .5V/cm 
Horiz.  .1  msec/cm 


Figure  6. IS 
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prescribed  limits.  Ail  these  points  indicate  all  values  were 
within  the  specified  requirements  for  both  values  of  filter 
capacitors*  Based  on  these  results*  a  300  microfarad  tantalum 
filter  capacitor  is  sufficient  to  meet  all  the  output  ripple 
requirements  of  MIL-G-  6162(2).  with  these  tests  and  collected 
data,  brushless  starter-generator  performance  as  required  by 
the  specification  was  verified. 

6.2  Starting  Mode 

The  early  tests  of  this  brushless  starter-generator  in  the 
starting  mode  were  performed  using  1/2  of  the  discrete  component 
commutator.  The  discrete  component  solid  state  commutator  was 
used  for  the  preliminary  tests  in  order  to  eliminate  the  possi¬ 
bility  of  system  connection  errors.  Since  the  discrete  component 
static  commutator  had  only  100  amp  capability,  the  tests  per¬ 
formed  were  up  to  this  level.  The  machine  was  connected  to  the 
torque  head  and  inertia  load.  The  discrete  component  solid  state 
commutator  was  operated  in  the  closed  loop  manner  with  position 
sensors.  This  constituted  a  full  operation  of  a  brushless 
starter-generator  in  its  starting  mode.  The  tests  verified 
logic  operation  and  provided  initial  data  on  machine  perform¬ 
ance.  The  system  was  operated  up  to  the  current  level  of  100 
amps  and  the  torque  of  the  unit  measured  at  various  field  ex¬ 
citations.  Figure  6.2A  illustrates  the  torque/current  relation¬ 
ship  of  the  machine.  The  tests  were  repeated  with  the  other  set 
of  machine  windings  and  similar  results  were  obtained.  These 
preliminary  tests  indicated  torque  levels  slightly  above  those 
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originally  predicted*  Based  on  these  tests*  one  can  deduct 
that  the  full  output  torque  can  be  achieved  when  operating  at 
full  stator  current*  Therefore,  the  tests  of  discrete  compone.r,. 
static  commutator  and  the  machine  confirmed  the  design  for 
40  Ib/ft.  torque  at  800  amp  input  current  as  specified  in  Exhibit 
"A"  of  the  contract.  Also,  during  these  tests,  the  various 
circuit  waveforms  were  monitored  and  recorded  on  photographs  to 
provide  complete  documentation  of  circuit  operation.  The  re¬ 
mainder  of  the  starting  tests  on  the  system  were  performed  with 
actual  solid  state  commutator  switches  assembled  on  the  bread¬ 
boards*  Figure  6.2B  shows  the  arrangement  of  solid  state  com¬ 
mutator  switches  around  the  periphery  of  the  machine.  The  machine 
was  coupled  to  the  torque  head  and  the  torque  head  was  coupled  to 
the  flywheel.  The  flywheel  was  the  only  load  used  for  these  tests 
(Attempts  to  obtain  a  better  definition  of  engine  load  were  of  no 
avail.  The  same  is  true  for  the  attempts  to  assign  a  known  jet 
engine  appropriate  for  this  rating  of  a  unit).  The  test  set-up 
was  equipped  with  automatic,  10  seconds  duration,  cut-out  relays. 
These  relays,  after  ten  seconds  of  operation,  de-energize  the 
system  automatically  so  that  any  human  error  would  he  eliminated 
in  testing  the  starting  torque  at  high  current  levels  with  de¬ 
rated  solid  state  comnutator  switches.  Before  the  set  of  start¬ 
ing  mode  characteristics  were  obtained  by  test,  the  system  was 
pre-tested  in  various  conditions  as  outlined  below: 

a)  3-phase,  half-wave  operation  of  negative  switches  with 
resistive  load  and  signal  generator  logic  sources. 
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b)  3-phase,  high  wave  operational  positive  switches 
resistive  load  and  signal  generator  logic  source. 

c)  3-phase,  full-wave  operation  with  resistive  load  and 
signal  generator  source. 

d)  3-phase,  full-wave  operation  with  the  machine  and 
signal  generator  logic  source. 

e)  3-phase,  full-wave  operation  with  the  machine  using 
position  sensor  output  as  the  logic  source.  This  is 
the  complete  closed  loop  arrangement  of  the  brushless 
starter-generator. 

.simultaneous  operation  of  both  3-phase  c  iinriutato' 
bridges  with  machine  using  position  sensor  source, 
again,  this  is  the  use  of  a  full  commutator  with  all 
..he  feedback  loops  in  operation  to  utilize  the  full 
capabilities  of  the  system  considering  the  limitations 
imposed  by  derated  commutator  switches. 

dteps  a)  through  e)  were  completed  on  bridge  No.  1  up  tc  the 
current  levels  up  to  3GL  amps.  Ihis  current  level  was  chosen 
since  several  switches  were  aerated  to  334  .mips  and  3CG  amps 
allowed  a  reasonable  saiety  factor  during  this  evaluation. 
Tracings  taken  f i om  photographs  of  the  switch  wavclonas  operat¬ 
ing  at  3QL  amps  with  the  machine  as  shown  in  Figure  b.2C.  Note 
that  VCt  at  turnofl  was  well  within  the  Hi  volt  rating  of  the 
switches,  while  op>  rating  bridge  No.  ],  Step  e)  preliminary 
torque  ratings  were  obtained  for  several  values  of  field  cur¬ 
rent.  The  results  of  these  preliminary  tests  rndicated  an 
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Figure  6.2C 


output  torque  of  lb. 7  lb/ft.  with  300  amps  commutator  current 
and  50  amp  field  excitation.  Extrapolation  of  these  results 
indicated  a  torque  of  22.3  lb/ft.  with  result  at  400  amp  opera¬ 
tion  with  a  single  bridge.  This  would  result  in  a  total  machine 
torque  of  both  bridges  operating  at  400  amps  each  of  l.bbb  x  22.3  - 
41.5  lb/ft.  torque.  Although  Lhese  preliminary  results  indicated 
a  full  output  torque  of  800  amps  is  feasible,  operation  at  these 
current  levels  cannot  be  achieved  with  the  present  commutator 
switches  since  several  switches  are  derated,  bridge  No.  2,  the 
second  half  of  this  solid  state  commutator,  was  so  evaluated  in 
the  same  step-by-step  manner.  During  these  tests  a  failure  occurred 
which  damaged  two  solid  state  commutator  switches.  Although  var¬ 
ious  corrective  actions  were  taken,  the  true  reason  for  switch 
failure  cannot  be  accounted  for.  This  reduced  the  program  to 
practically  no  spare  switch  operation.  In  order  to  avoid  any 
future  mishaps,  the  complete  system  was  derated  to  400  amps  total 
input  current.  This  meant  that  the  performance  achievable  from 
the  system  is  reduced  by  two.  because  spares  from  KO»  were  not 
available,  a  detailed  analysis  into  the  failure  mode  of  these 
switches  was  impossible  to  perform.  The  risks  in  continuing 
this  analysis  were  great  and  threatened  to  leave  the  program 
without  a  set  of  starting  mode  performance  characteristics, 
both  halves  of  the  starter  commutator  were  connected  into  the 
full  set  of  machine  windings  and  tests  at  400  amp  input  current 
were  performed.  The  oscillograph  traces  were  taken  recording  the 
switch  performance,  the  torque  produced  and  speeds  achieved. 

Figures  b.2C,  U,  t. ,  (•'  and  G  show  the  dala  as  t,.*er.  \  tin 
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oscillograph.  It  is  important  to  note  that  initial  torques 
obtained  during  these  tests  reached  up  to  26.9  lb/ft.  During 
these  tests,  the  one-half  of  the  starting  commutator  was  operat¬ 
ing  at  180  amp  level.  The  second  half  at  185  amp  level.  The 
total  current  to  the  commutator  was  365  amps,  machine  field 
excitation  was  at  50  amperes.  Since  this  input  is  approximately 
at  half  the  value  of  the  designed  magnitude,  the  produced  start¬ 
ing  torque  is  somewhat  above  the  half  value  as  is  required  by 
txhibit  "A".  Again,  this  shows  that  with  800  amp  input  current 
the  designed  torque  of  40  lb/ft.  can  be  achieved  if  the  static 
commutator  switches  would  be  capable  of  handling  required  input 
current.  Repeated  tests  were  performed  with  this  machine  set  up 
in  the  starting  mode  to  determine  possible  variations  of  the 
initial  starting  torque  due  to  circumf erencial  shaft  position. 
Figure  6.2G  shows  the  lowest  readings  obtainable  during  the 
starting  mode  with  the  same  equipment.  These  variations  were 
attributed  to  the  torque  variation  of  the  machine  due  to  12 
segments  of  a  static  commutator  switch  arrangement.  Since  the 


static  commutator  switches  contained  a  number  of  deficiencies 
vs.  the  specification  requirements  issued  by  LSI/PtD,  Specifi¬ 
cation  //15-100011,  the  low  and  elevated  temperature  tests  of  a 
starting  mode  were  not  performed  since  the  possibility  of  total 
destruction  of  the  solid  state  commutator  existed.  In  order 
not  to  lose  this  functional  hardware  (although  derated)  further 
activity  in  testing  the  starting  mode  was  suspended. 
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SECTION  VII 


7.0  CONCLUSIONS  AND  RECOMMENDATIONS 

This  brushless  starter-generator  D&D  program  was  conducted 
with  an  end  goal  of  realistic  operational  hardware  procure¬ 
ment.  This  hardware  was  designed,  procured,  assembled  and 
tested.  The  summary  of  this  program  is  best  expressed  by 
reviewing  the  results  found  during  the  tests  of  the  actual 
brushless  starter-generator  hardware. 

7.1  Summary  of  Results  During  Generating  Mode 

The  brushless  Starter-Generator  hardware,  while  operating  as 
a  generator,  was  tested  under  the  actual  acceptance  test 
conditions.  The  rated  load  of  200  amps  at  30  volts  DC  was 
produced  successfully  with  AC  ripple  components  not  exceed¬ 
ing  1.5  volts  peak,  as  specified  by  the  military  electrical 
specifications.  The  system  was  operated  in  closed  loop  con¬ 
dition  with  an  AC  regulator.  During  the  full  system  tests, 
the  output  voltage  regulation  was  maintained  within  -1/2  volt. 

The  operation  was  also  successful  at  elevated  temperatures. 

A  lightweight,  small  size  rotary  transformer  was  developed 
and  tested  under  the  actual  operating  conditions.  This  rotary 
transformer  provided  a  unique  means  for  machine  field  excitation. 
All  subassemblies  of  this  system  were  fully  checked  out  and  pro¬ 
vided  safe  system  performance.  Overall  generating  test  results 
meet  the  electrical  specifications  quoted  in  txhibit  "A". 
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.2  Summary  of  Results  Found  During  Starting  Mode 

The  starting  hardware  was  tested  against  the 
inertial  load  of  a  flywheel.  Actual 

starting  torque  measurements  closely  followed  the  predicted 
values  obtained  during  the  design  period  of  the  brushless 
starter-generator,  indicating  the  correct  design  of  the  machine 
as  a  motor.  During  the  starting  mode,  no  external  cooling  was 
allowed.  Therefore,  all  heat  generated  during  a  simulated  or 
actual  engine  start  was  considered  to  be  heat  storage  in  the 
overall  brushless  starter-generator  hardware.  This  thermal 
storage  capability  was  verified  within  the  machine  as  well  as 
the  static  commutator.  The  deficiencies  of  the  solid  state 
commutator  switches  prevented  this  program  from  achieving  its 
full  requirements  during  the  starting  mode.  For  example,  the 
static  commutator  switch  deficiency  in  maximum  current  handling 
capability  prevented  system  tests  at  the  full  rated  input  current 
of  800  amps.  Therefore,  the  maximum  possible  torque  of  40  lb/ft. 
was  not  achieved.  The  switches  were  operated  at  1/2  of  their 
ratings  and  unuer  these  conditions  more  than  1/2  of  the  starting 
torque  was  exhibited  by  this  hardware.  The  static  commutator 
switch  high  saturation  voltage  is  reponsible  for  increased  losses 
in  the  commutator  switches.  These  losses  prevented  the  system 
from  repetitive  cycling  as  specified  by  Exhibit  "A".  The  thermal 
storage  capacity  of  the  commutator  was  established  for  a  nominal 
saturation  voltage  of  3  volts  at  4QC  amps.  With  each  starting 
cycle  the  temperature  of  the  static  commutator  switch 
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rises  40  centigrade  degrees  above  its  ambient  condition.  During 


the  off-period,  the  static  switch  temperature  did  not  go  down 
significantly.  Therefore,  the  next  start  increased  the  solid 
state  commutator  switch  temperature  another  40  degrees  cencigrade 
and  the  third  start  wuuld  repeat  this  again,  from  this,  one  can 
see  the  reasons  why  the  repeated  three-cycle  start  was  not  tested 
with  the  solid  state  commutator  switches,  particularly  since 
spare  parts  were  non-existent.  The  lack  of  hermetic  sealing  in 
the  solid  state  commutator  switches  prevented  the  system  from 
high  altitude/low  temperature  tests.  To  meet  the  Exhibit  "A" 
requirements  in  full,  the  deficiencies  of  a  static  conmutator 
switch  must  be  eliminated.  The  results  obtained  during  this 
brushless  starter-generator  program  clearly  indicate  that  more 
Design  and  Development  is  necessary  in  the  area  of  solid  state 
devices  applicable  to  the  solid  state  commutator  required  for  the 
brushless  starter-generator  system.  The  existing  deficiencies  of 
the  solid  state  commutator  must  i>e  overcome  before  a  fully  successful 
brushless  starter-generator  can  be  Liilt.  Also,  the  price  of  a 
solid  state  conmutator  switch  must  be  reduced  to  provide  a  unit  that 
is  competitive  with  nrush  type  starter  generators. 
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LEAR  SIEGLER  SPECIFICATION  NO.  15-100011 
EXHIBIT  I 


Semiconductor  Package  for  Commutation  of 
Current  in  Brushless  Starter-Generator 
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Specification  Ho.  15-103011 
Original  Isaac  i fey  1?,  I96? 


TITLE:  Semiconductor  Package  for  Commutation  of 
Current  in  Srushlscs  Starter-Generator 


lo  SCOPS 

1.1  This  opacification  defines  requirements  of  high  current 
semiconductor  switches  and  their  integration  into  an  assembly  v;hich  will 
provido  the  function  of  current  commutation  in  a  brushless  ctar'cer- 
generatoro 

2.  APPLICABLE  DOCUMENTS 

2.1  The  following  item  forms  a  part  of  this  document to  the  extent 
specified  herein: 

1 

SPECIFICATIONS 

Military 

Kil-G-6iu2  Amendment,  27  January  lc>60c 

Generators  30  Volt  D:.rcct  Current 
Aircraft  Engine  Driven  General 
Specification  for 

3.  REQUIREMENTS 

3.1  General : 

3.1ol  This  document  describes  the  requirements  and  performance  for 
a  lightweight,  small  volume,  solia-stato  DC  current  switch.  Twelve  cf  these 
static  sv/itches  will  be  assembled  to  form  a  brushless  commutator  for  an 
aircraft  starter-generator .  Each  static  switch  must  be  capable  of  switching 
^GO  amperes  into  a  resistive  load  when  commanded  by  a  drive  sigr.alo  The 
drive  signal  will  have  the  voltage  characteristics  shown  in  Figure  1. 
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The  maximum  0j.crati.n3  frequency  of  200  Hertz  exists  after 
30  seconds  01  operation.  The  lowest  operating  frequency  will  exist  during 
the  initial  start.  First  120°  "on"  pulse  will  be  completed  in  .3.  second 
of  operation. 


The  current  through  the  switches  will  be  a  maximum  of  400 
amperes  during  the  initial  start,  but  will  decrease  with  time.  Figure  3 
shows  the  switch  current  vs.  time  relationship. 


Time 

* 


FIGURE  3 


The  static  switch  will  operate  for  a  maximum  of  30  seconds 
os  shown  in  Figures  2  and  3c 

3 o 2  Positive  Static  Switch: 


The  brushless  static  commutator  v/ill  consist,  of  twelve  static 
switches.  A  positive  static  switch  is  defined  as  a  solid-ctate  switch  that 
electrically  connects  the  positive  side  of  the  power  supply  and  the  load. 
(See  Figure  4.)  Six  positive  switches  arc  required,  arranged  in  two  sets  of 
three.  S*e  Drawing  No.  230o^-iGi<j 
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FIGURE  4 
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A  solid-state  switch  is  a  typical  device  that  r-.ee ts  the 
requirements  of  this  definition. 

3.2.1  The  static  switch  will  be  driven  from  the  drive  signal  similar 
as  in  Figure  1*  Maximum  current  capability  of  the  drive  signal  is  10  milli- 
aeperes.  The  -minimum  number *of  auxiliary  isolated  power  supplies  willHre- 
available  a s  shown- i-n. . Schematic-— ez  page  10o  The  voutage  level. of  these 
supplies#  Vxn#Po  is  left  to  vendor's  choice,  preferably  within  6  to  15  VDC. 

302.2  The  output  current  of  the  static  switch  will  bo  400  amperes 
peak  at  1/3  duty  cycle.  The  output  current  amplitude  vs.  time  is  shown  in 
Figure  3« 
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si  1  zy?  prior  to  cor.duc  ting  the  start  test  and  in  an  ambient  oi'  -i.-p durir.; 
the  throe  consecutive  starts# 

3#2#5  The  static  switch  wall  operate  iron  a  power  source  of  30  *|g  volt 
DC  and  ba  capable  of  sustaining  transient  overvoltage  of  80  volts  peak 
while  ir.onerntive# 


3<»2c6  Commutator  Knve  1  one 

Tho  commutator  envelops  is  eh  own  on  LSi/PED  Drawing  Ho#  23063- 
59£g0  Rev.  A„  Tne  commutator  is  divided  into  four  functional  nodules  or 
quadrants,.  Three  positive  switches  fora  one  nodule  or  quadrant  and  are 
apportioned  x/4  of  tho  envelope#  The  required  elec -.racal  interconnections  to 
the  machine  terminals,  rectifiers,  and  control  logic  are  shown  on  LSi/PED 
Drawing  Ko.  23063-101# 

The  control  logic  electronics  and  shaft  sensing  function  will 
be  provided  by  LSi/PED  in  u  separate  package  not  part  of  commutator  or 
roctifier  envelope. 

The  commutator  shall  include  the  required  leads  and/or  solder 
terminals  for  interconnection  to  the  system.  LSi/PED  Drawing  No.  230o3~5990s 
Rev,  A,  shows  tho  location  of  typical  connections  at  the  inlet  air  face  of 
the  commutator  envelope 

3.2. 6.1  Connections 

( h)  Two  bus  bara  are  required  from  the  positive  halves  of 
the  commutator  to  the  choke  terminal  posts# 

(b)  One  bus  bar  from  the  two  interconnected  -negative 
quadrants  to  the  generator  negative  terminal  posts# 

(c) „  i..„  solder  terminal  posts  ia  each  quadrant  for  low 
current  controlled  voltage  source0 

(d)  T1  .-.c  terminal  "ost.  rch  quadrant  for  interconnection 

of  bridge  switches#  Three  leads  wi _ 1  *,e  provided  for  each  positive  quadrant 
for  Interconnection  with  their  corror.j  analog  windings  at  the  machine  terminal 
block.  Leads  will  be  provided  by  LSi/pED  for  interconnection  of  stator  windings 
to  commutator  positive  quadrant  switches# 


driver  input# 


(e)  bix  low  current  -oldpr  t  ••mine-*.,  in  each  quadrant  :  :r 


A  metal  shroud  will  be  provided  by  LSi/PED  to  protect  the 
terminals  a.iu  loads  which  will  be  routed  to  the  machine  terminals,-  rectifiers a 
and  control  ' cgic#  It  is  desirable  that  the  semiconductor  circuitry  be  iso¬ 
lated  from  e  mounting  heat  sinks  to  facilitate  mounting  to  common  end  ball 
aad  e  1.  -  vJ  i  r.  .>U  tier,  between  quadrants  ar.d  shroudo 
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3.2. 602  Structural  Mounting 

The  four  commutator  quadrants  shall  be  joined  structurally 
within  the  envelope  restrictions  to  form  or.e  unit  which  can  be  counted  v;ith 
four  No.  10  studs  located  at  the  corners  of  the  package  shown  on  Lii/PED 
Drawing  Ho.  23CoS-9930t  Rev.  Ac  /  The  unit  and  its  mountings  shall  be  designed 
to  withstand  the  shock  ar.d  vibration  requirements  of  this  specification. 

3. 2. 6. 3  Commutator  '.-.'eight 


The  total  weight  of  the  commutator  shall  not  cxceod  3«5 
pounds.  The  total  weight  of  the  rectifier  assemblies  shall  not  exceed 
1.5  pound. 

3.3  Negative  Static  Switch: 

The  brushless  static  commutator's  six  negative  static  switches 
arc  defined  as  solid-state  switches  that  electrically  connect  the  negative 
side  cf  the  power  supply  and  the  load0  (See  Figure  6.) 


Power 

Supply 


FIGURE  6 

An  NPN  solid-state  switch  is  a  typical  device  that  meets  the 
requirements  of  this  definition. 

3.3.1  Drive  signal  same  as  that  in  paragraph  3.2.1. 

3.3.2  The  output  current  will  be  the  same  as  that  described  in 
paragraph  5 <.2. 2. 

3.3.3  Same  as  paragraph  3.2.3. 

3.3.^  The  r.c  go  ;ivo  static  -.witch  will  operate  a3  described  in 
paragraph  3o2o^. 


•  r.  U 


?EL£  j  ?  Oi*  12 


3»3«5  The  negative  static  switch  will  operate  from  the  came  power 
source  as  described  in  paragraph  3i2„5o 

3*3.6  Or.e  set  of  3  negative  static  switches  will  meet  3/4  of  the 
sice  and  weight  requirements  of  Brs’./ing  Ko0  23063-9930,  Rev.  A, 

3«4  The  six  positive  static  switches  and  the  six  negative  switches 
when  assembled  togethor  to  fora  a  brushless  commutator  will  meet  the  size 
and  woight  requirements, of  Drawing  No.  23068-99S0t,  Rev.  A. 

3.5  After  the  first  30  seconds  of  operation,  the  system  must 
function  as  a  generator.  Therefore,  a  diode  will  be  placed  electrically 
in  parallel  with  each  positive  and  negative  static  switch  to  fora  2  sets  of 
three-phase,  full  wave  rectifiers.  The  diode  will  be  connected  so  that  the 
cathode  will  be  at  the  positive  side  of  each  switch.  (See  Figure  7.) 


FIGURE  7 

3®5.1  The  continuous  rating  of  these  rectifiers  is  35  amperes 
average,  or  5?  amperes  rmr. ,  with  sustaining  reverse  voltage  of  80  volts  peak. 
Blast  cooling  will  be  provided  for  diooe  cooling  during  generator  nodc0 
Theo-  rectifiers  at  30  volts  peak  reverse  voltage  shall  exhibit  controlled 
avalanche  characteristics,, 

The  generator  and  rectifiers  will  be  provided  a  total  pressure 
on  the  air  inlet  duct  of  six  inches  of  H^O  above  absolute  ambient  pressure, 
The  flow  of  air  will  vary  with  ir.lot  air  temperature  and  altitude  conditions. 
Figure  8  shows  inlet  air  tempera turo  vs.  altitude.  Figure  9  shows  maximum 
air  flew  vs.,  altitude-  permitted  for  maximum  inlet  air  temperature.  Of  the 
six  inches  of  il^O  total  pressure  available,  2  inches  of  11^0  has  been  alien  ted 
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for  pressure  drop  from  inlet  of  generator  to  exhaust  from  rectifier  a.i.- 
passage.  The-  air  passage  available  and  path  through  the  bra  sale  so  starter- 
generator  are  shown  on  LSi/'PSD  Drawing  No.  23068-9990*  I ?ev.  A& 

Performance  of  tho  rectifier  package  will  require  ground 
operation  of  the  generator  at  reduced  inlet  pressure  and  flow  shown  in 
Figure  9<> 

J.5.2  Rectifier  Mounting 

The  rectifiers  will  be  mounted  in  the  four  corners  of  the 
generator  envelope  on  aluminum  blocks  which  will  contain  air  passages  for 
cooling  purposes  shown  on  LS i/PSD  Drawing  No.  25068-9990*  total  weight  not 
to  exceed  1.50  pound.  The  four  blocks  or  modules  each  contain  three 
rectifiers  and  four  lead  terminations  for  interconnection  to  machine  windings 
and  terminal  block. 

See  envelope  drawing  23068-1000  for  configuration  and  lead 
terminations.  For  an  overall  understanding  of  electrical  interconnections 
see  connection  diagram  2306o-101o 


as  follows: 


The  air  flow  path  through  the  brushless  starter-generator  is 


See  Drawing  No.  23068-9990*  Rev.  A0  Air  enters  center  of 
coccutator  envelope  through  a  two  inch  duct*  advances  in  an  annular  conical 
chamber  to  enter  the  rectifier  cooling  passages  in  the  four  corners  of  the 
generator  envelope.  After  leaving  tho  rectifiers  tho  air  enters  the  generator 
portion  or  Cc.7i.-fcy.  reverses  direction*  and  exhausts  through  four  screened 
parta  provided  in  the  anti-drive  end  of  the  generator  radially  outward 
between  rectifier  modules.  Because  the  modules  will  be  sc-.urj.  the 
generator  housing  effectively  interconnecting  them  electrically *  the  roctifier3 
and  oleotrieal  circuitry  shall  be  isolated  fre:;  the  mounting  base. 


3.6  Environment: 

The  static  switch  commutator  and  rectifiers*  when  mounted  in 
the  starter-generator  housing,  will  bo  capable  of  operating  under  all  of  the 
following  environmental  conditions: 

A.  Ambient  Temperature :  -65®F  to  125°F 

3.  Altitude:  0  to  50*000  feet 

C.  Humidity:  0  to  1C0° 

D.  Vibration:  20  g’s  at  80  to  2000  cps 
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E»  Shock:  50  g's 
F.  Acceleration:  10  g's 

The  operation  of  the  brushless  commutator,  when  mounted  in  the 
housing  provided,  will  not  be  impaired  by  salt  spray,  fungus,  sand  or  dusto 
These  requirements  arc  in  accordance  with  applicable  sections  of  Xil-G-6l620 

4.  QUALITY  ASSURANCE  PROVISIONS 

/ 

4*1  The  assembled  Gec^or  af  three  positive  or  negative  static  switches 
shall  meet  all  the  specification  requirements  in  soction  5  of  this  speci¬ 
fication*  The  necessary  tests  to  vorify  the  switch  and  rectifier  performance 
to  the  requirements  of  section  3  of  this  specification  will  be  mutually 
agreed  upon  and  performed  by  vendor  and  LSi/PED, 

5.  PREPARATION  FOR  DELIVERY 

5*1  Delivery  of  static  commutator  switches  and  rectifier  modules 
ahall  be  to  LSi/PED  Cleveland  facility  properly  packaged  for  protection 
during  shipment* 

6.  NOTES 

6*1  The  attached  sketch,  "Complementary  Transistor  Switch  Schematic," 
on  page  shall  be  used  for  illustrative  purposes  only* 
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SECTION  I 


INTRODUCTION 


RCA  is  pleased  to  submit  this  technical  proposal  to  the  Power  Equipment  Divi¬ 
sion  of  Lear  Siegler,  Inc.,  in  response  to  its  Request  for  Proposal,  for  the 
development  of  a  semiconductor  package  for  commutation  of  current  in  a  brush¬ 
less  starter-generator.  In  this  program,  RCA  proposes  to  develop  transistor 
power  switching  modules  capable  of  switching  400  amperes  per  module  in  a  form 
factor  consistent  with  stringent  thermal,  volume  and  weight  requirements. 
Twelve  modules,  six  positive  polarity,  and  six  negative  polarity,  will  be  used 
as  a  brushless  commutator  for  a  DC  motor  for  jet  engine  starting.  Four 
rectifier  modules  are  used  to  provide  full-wave  rectification  during  the  gen¬ 
erator  phase  after  engine  start.  The  complete  switching  and  rectifying  module 
package  is  attached  directly  to  the  motor-generator  and  forms  part  of  its 
external  configuration. 

The  space  and  weight  restrictions  rule  out  the  feasibility  of  using  discrete 
semiconductors  to  achieve  the  commutation  objective.  The  RCA  approach  uses 
a  unique  modular  concept  utilizing  novel  circuitry,  and  power  transistor 
chip  packaging  and  interconnecting  by  using  unusual  techniques  and  materials. 

RCA  has  developed  substantial  competence  in  the  design  and  manufacture  of 
plastic-encapsulated  high-power  transistors.  RCA  has  recently  announced  a 
broad  line  of  plastic  power  transistors  completing  an  extensive  and  successful 
development.  This  experience  and  knowledge  will  provide  technical  strength 
toward  solving  the  difficult  encapsulation  problems  associated  with  these 
circuit  modules. 

One  of  the  major  problems  in  the  power  transistor  industry  has  been  second 
breakdown.  RCA  has  been  a  pioneer  in  non-destructive  forward  and  reverse 
second  break  test  methods.  This  capability  has  enabled  RCA  to  improve, 
optimize,  and  fully  characterize  its  power  transistors.  This  technical 


iWlnijPi- m  ft.  Wjwiiw 


capability  will  provide  the  background  to  insure  that  these  circuit  modules 
will  operate  reliably  and  free  from  second  breakdown  under  the  stringent  motor- 
generator  operating  conditions. 


Use  or  disclosure  ot  proposal  aata  is 
subject  to  the  restriction  on  the  title 
page  of  this  proposal.  (December  1966). 


SECTION  II 

TECHNICAL  DISCUSSION  OF  SWITCHING  CIRCUITS 

2-1.  GENERAL  DISCUSSION 

Positive  and  negative  static  switches  are  direct-coupled  transistor  circuits 
that  are  used  to  amplify  the  5-volt,  10-milliampere  drive  signal  to  a  level 
of  400  amperes.  There  is  an  attenuator  at  the  input  to  each  switch.  The 
functions  of  the  attenuator  are  to  lower  the  input  signal  to  the  proper  level 
and  to  minimize  the  possibility  of  spurious  low-level  noise  problems  from  the 
signals  for  the  adjacent  switches. 

The  static  switches  employ  p-n-p  and  n-p-n  transistors  in  a  direct-coupled 
configuration  to  provide  maximum  gain  with  a  minimum  of  coupling  problems. 

This  configuration  of  transistor  circuit  provides  the  advantage  that  the  only 
dissipation  when  the  switch  is  off  is  due  to  leakage  currents,  reducing  heating 
to  a  minimum. 


Transistors  have  been  used  throughout  the  switching  circuits  to  provide  rapid 
switching  with  the  variable-frequency  input  signal.  All  transistors  are 
specially  selected  for  low  leakage  and  low  saturation  characteristics  to  per¬ 
mit  highly  reliable  operation  at  elevated  temperatures.  The  device  type 
designations  shown  in  the  schematic  diagrams  of  the  static  switches  (Figures  2-1 
and  2-2)  correspond  to  similar  RCA  commercial  or  developmental  types,  providing 
a  convenient  means  of  explaining  the  circuits. 

Types  2N4036,  2N3878,  2N5038,  and  2N2102  currently  are  commercially  available 
RCA  power  transistors.  The  n-p-n  type  TA7017  currently  is  in  pilot  production 
in  the  factory.  The  p-n-p  type  TA7279  is  in  the  latter  stages  of  design  and 
will  be  released  for  pilot  production  during  mid-third  quarter  1967. 

The  heart  of  each  switch  is  the  type  TA7017,  which  employs  the  rugged  RCA- 
developed  hometaxial-base  design.  It  is  a  new  high-power  device  that  is 
capable  of  300-watt  dissipation  at  70  amperes.  The  hometaxial-construction 
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device  was  chosen  because  it  has  outstanding  resistance  to  forward  and  reverse 
second  breakdown  and  low  saturation  resistance. 

The  calculations  for  circuit  parameters  discussed  in  the  subsequent  paragraphs 
are  provided  in  Appendix  B. 

2-2.  POSITIVE  STATIC  SWITCH 

The  positive  static  switch  (Figure  2-1)  consists  of  a  three-stage,  direct- 
coupled  amplifier.  First-stage  p-n-p  amplifier  Q1  is  connected  in  the 
common-emitter  configuration.  First-stage  current  gain  is  approximately  20. 
Resistors  Rl,  R8,  and  R9  form  a  voltage  divider  and  biasing  network  for  this 
stage.  The  collector  is  direct-connected  to  the  next  stage. 

The  next  stage  consists  of  n-p-n  transistors  Q2  and  Q3  connected  in  the  common 
Darlington  configuration.  The  minimum  available  current  gain  of  this  stage  is 
approximately  400.  The  output  of  this  stage  is  applied  to  the  bases  of  the 
output  stage. 

The  output  stage  consists  of  six  identical  circuits  that  are  driven  in  parallel 
by  the  second  stage.  For  simplicity,  only  one  of  these  circuits  is  shown  in 
Figure  2-1.  Because  of  the  method  used  to  interconnect  p-n-p  transistor  Q4 
(an  1  j3  through  Q9)  and  n-p-n  transistor  Q10  (and  Qll  through  Q13)  ,  Q10  pro¬ 
duces  the  effect  of  the  p-n-p  type  transistor  of  the  Darlington  circuit..  This 
circuit  is  reliable  and  lias  been  used  in  many  audio-frequency  power  amplifiers 
prior  to  the  development  of  high- current  silicon  p-n-p  transistors.  Since  the 
1A7017  transistor  is  a  70-ampere  device,  six  output  stages  (six  TA7279  tran¬ 
sistors  driving  six  TA7017  transistors)  in  parallel  provide  the  necessary 
current-handling  properties. 

Transistors  Q4  and  Q10  in  the  Darlington-type  output  stage  are  matched  for  V 

and  V  (sat)  at  the  collector  currents  to  be  used.  Matching  is  required  to 
CE 

eliminate  the  losses  associated  witli  local  feedback  in  the  output  stage. 
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REF 

FAMILY 

QTY  PER 

0 

0 

VCEM(sa» 

VBEM 

at  150°  C 

DESIG 

TYPE 

SWITCH 

MIN 

MAX 

(VOLTS) 

(VOLTS) 

(m  A) 

Ql 

2N4036 

1 

20 

100 

0.65 

1.10 

0.005 

Q2 

2N2102 

1 

20 

100 

0.50 

1.10 

0.005 

03 

2N3878 

1 

20 

100 

2.00 

2.00 

5.0 

Q4-Q9 

TA7279 

6 

15 

100 

1.20 

2.00 

2.5 

Q10-Q15 

TA7017 

r 

0 

8 

70 

1.20 

2.00 

10.0 

Figure  2-1.  Positive  Static  Switch 
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No  overall  negative  feedback  was  used  in  the  output  stage.  It  was  decided  to 
use  local  feedback  at  each  stage  to  eliminate  phase-shift  problems.  The 
negative  feedback  per  stage  is  calculated  using  Equation  (1): 

gm 

_ _ m  . 

gm(FB)  ”  1  +  g  R  . U; 

m  E 

The  approximate  overall  feedback  for  both  positive  and  negative  switches  will 
be  approximately  26  dB. 

Using  the  Darlington-type  configuration  reduces  the  base  current  for  this  com¬ 
bination  to  approximately  3  amperes.  The  need  for  higher-current  transistors 
in  the  driving  stages  is  eliminated  at  this  current  level. 

The  drive  signal  is  referenced  to  the  positive  bus.  Negative  logic  was  used 
in  this  switch;  therefore,  a  negative-going  signal  produces  a  closed-switch 
condition  at  the  output.  Negative  logic  was  selected  so  that  the  switch  will 
be  open  in  the  absence  of  a  signal,  preventing  circuit  failure  due  to  faulty 
connections.  This  configuration  also  prevents  short  circuits  due  to  absent 
signals.  A  level  of  -10  volts  DC  is  required  with  regulation  to  within  10 
percent.  This  voltage  is  indicated  in  the  Lear  Siegler  Request  for  Proposal 
and  attached  Specification  15-100011  (Appendix  A)  as  being  available. 

2-3.  NEGATIVE  STATIC  SWITCH 

The  negative  static  switch  (figure  2-2)  is  similar  to  the  positive  static. 

The  major  differences  are  in  the  polarity  of  the  power  supply,  the  reference 
voltage,  the  input  logic,  and  tiie  output-stage  connection. 

The  input  to  the  negative  static  switch  consists  of  resistors  R4 ,  R5 ,  and  R6, 
which  form  a  network  that  acts  as  a  signal  attenuator  and  biasing  network  for 
n-p-n  input  transistor  Ql.  The  minimum  gain  oi  transistor  Q1  is  approximately 
20.  This  transistor  is  in  a  common-emitter  configuration.  The  collector  is 
connected  directly  to  the  second  stage. 

The  second  stage  consists  of  p-n-p  transistors  Q2  and  Q3  in  a  Darlington 
connection.  The  Darlington  connection  is  used  to  obtain  high  gain  and  to 
achieve  the  objective  of  very-low  power  dissipation  when  the  switch  is  off. 

The  output  of  the  second  stage  is  d  i  rec  t-roup !  eJ  to  the  output  stage. 
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REF 

FAMILY 

QTY  PER 

0 

0 

VcE(sat) 

VBEM 

at  150°  C 

at  150°  C 

DESIG 

TYPE 

SWITCH 

MIN 

MAX 

(VOLTS) 

(VOLTS) 

(mA) 

(mA) 

Q1 

2N2102 

1 

20 

100 

0.50 

1.10 

0.005 

0.010 

Q2 

2N4036 

1 

20 

100 

0.65 

1.10 

0.005 

0.010 

Q3 

TA7279 

1 

15 

100 

1.20 

2.00 

2.5 

20.0 

Q4-Q9 

TA2669 

6 

15 

100 

1.01 

2.00 

2.5 

20.0 

Q10-Q15 

TA7017 

6 

8 

70 

1.20 

2.00 

10.0 

50.0 

Figure  2-2.  Negative  Static  Switch 
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The  output  stage  consists  of  six  identical  circuits  that  are  ..r  j  van  ir. 
parallel  by  the  second  stage.  For  simplicity,  only  one  of  these  circuits  is 
shown  in  Figure  2-2.  The  Darlington  configuration  used  to  interconnect 
transistor  Q4  (and  Q5  through  Q9)  and  transistor  Q10  (and  Qll  through  Q15)  was 
selected  to  achieve  maximum  gain  with  a  minimum  number  of  transistors.  The 
TA2669-TA701 7  combination  of  transistors  was  selected  to  obtain  similar 
switching  characteristics  and  comparable  gain  performance  to  the  TA7279-TA7017 
combination  used  in  the  positive  static  switch  (Figure  2-1). 

Positive  logic  was  used  in  this  switch;  therefore,  a  positive-going  signal  pro¬ 
duces  a  closed-switch  condition  at  the  output.  Positive  logic  was  selected 
so  that  the  switch  will  be  open  in  the  absence  of  a  signal,  preventing  circuit 
failure  due  to  faulty  connections.  The  drive  signal  is  referenced  to  the 
negative  bus.  A  level  of  +10  volts  DC  is  required  with  regulation  to 
within  10  percent.  This  voltage  is  indicated  in  the  Lear  Siegler  Request  for 
Proposal  and  attached  Specification  15-100011  (Appendix  A)  as  being  available. 

2-4  .  BOOSTED  DARLING  TON  CIRCUIT 

The  conventional  Darlington  connections  (Figure  2-3)  used  in  the  switching 

circuits  can  be  improved  by  using  additional  circuit  techniques.  The  V  of 

the  output  transistor  cannot  saturate  when  the  transistor  is  connected  in 

Darlington  configuration.  This  limitation  exists  because  the  V  of  the  output 

transistor  is  the  sum  of  V„r,  „  and  V„r.(sat),.  With  the  TA7017  transistor  used 

BE,  2  CF.  1 

in  the  output  stage  of  the  negative  static  switch,  the  following  parameter 
values  can  be  used  to  illustrate  switch  power  dissipation: 

VCE(sat)i  =  1.0  volt 

V  (sat)  =  1.2  volts 

CL  2 

VBE,2  =  2'°  V°ltS 
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Power  dissipation,  therefore,  is  (V  )(I  ).  Assuming  that  the  switching  current 

LX  L* 

is  400  amperes  and  that  V„r  =  VD„  0  +  V  -(sat),,  average  power  is  as  follows: 

LX  oh ,  c  LX  ± 


°  VCE  XC 


■  °  [<VBE, 


2>  +  <VCE<Sat)l)  \ 


=  -j  (2.0  +  1.2)  (400) 


=  426  watts 


If  output  V  was  the  V  (sat)  of  only  the  output  transistor,  average  power 

Lt  LX  Z 

becomes 


PAV  °  VCE(sat)2  XC 


±  (1.2)  (400) 


160  watts 


A  reduction  in  power  dissipation  of  approximately  270  watts  per  switch  is 
realized.  There  are  two  methods  for  achieving  this  lower  dissipation.  The 
first  method  is  to  use  a  circuit  other  than  a  Darlington,  which  results  in 
decreased  gain  and  current-handling  ability.  The  second  method  is  a  superior 
approach  using  the  "boosted  Darlington"  circuit  (Figure  2-4) . 

The  "boosted  Darlington"  requires  the  insertion  of  a  voltage  (V^)  between  the 
collectors.  Voltage  must  be  in  the  order  of  3.0  volts  at  a  30-ampere  cur¬ 
rent  level.  This  voltage  must  be  isolated  for  each  switch,  which  requires 
c>  power  supply  with  12  separate  supply  circuits.  The  power  that  must  be  pro¬ 
vided  by  each  one  of  the  12  power  supply  circuits  is 

V  I 

r,  _ out _ out  , 


-  175  watts 


The  result  of  Equation  (4)  shows  a  total  power  saving  of  100  watts  per  switch. 
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Figure  ?-4.  Boosted  Darlington  Amplifier  Circuit 
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It  is  realized  that  the  12  voltages  must  be  generated  in  the  periph sral  gear, 
whJch  is  located  in  another  part  of  the  system.  The  supply  circuits  require 
wiring  that  can  carry  50  amperes  with  minimum  loss.  The  real  advantage  of  this 
approach  is  that  270  watts  of  power  were  removed  from  the  switch  chassis. 

This  power  reduction  should  permit  a  full  tic- ae  starts  of  the  system  with  an 
adequate  safety  factor. 
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SECTION  III 

TECHNICAL  DISCUSSION  OF  CIRCUIT  PACKAGE  CONFIGURATION 


3-1.  STARTING  CYCLE  ENERGY  ABSORPTION  -  NORMAL  DARLINGTON 

The  heat  absorbing  abilities  of  the  most  useful  materials  for  heat  sinking  and 
structural  purposes  were  calculated  and  tabulated  on  the  basis  that  the  cooling 
air  during  start  would  be  negligible.  The  number  of  joules  required  to  pro¬ 
duce  a  temperature  rise  of  1°C  was  then  calculated  for  the  maximum  specified 
weight  (5  pounds)  for  this  assembly.  The  optimum  material,  aluminum,  was  then 
used  in  a  calculation  of  the  temperature  rise  due  to  the  joules  produced  during 
a  typical  start. 


An  example  of  the  calculation  used  to  determine  rankings  for  5-pound  heat  sinks 
follows : 


Aluminum: 


Joules/°C 


JO.  225 
2150 


Catorte.  JoulgAAo3 

gram  -  Cil  cal  Jy  2.2  lbs 


Heat  absorption  results  for  5  pounds  of  material  tested  for  use  in  the  module 
mounting  plates  and  commutator  assembly  structure  are  tabulated  below: 


Material 

Specific  heat 

(cal/ gm) 

Space  for 

5  pounds  in 

in3 

Heat  absorption 
capabilities 

(1oules/°C) 

Aluminum 

0.225 

50 

2150 

BeO 

0.30 

50 

2850 

Copper 

0.095 

15.6 

905 

Nickel 

0.114 

15.6 

1085 

Titanium 

0.112 

31 

1065 

Magnesium  was  regarded  as  a  fire  hazard. 


While  BeO  is  the  highest  ranked  material,  and  though  pieces  of  BeO  will  be 
used  in  each  module,  aluminum  can  carry  400  amperes  and  can  become  a  major  part 
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of  the  module  output  circuit.  Aluminum  is  also  a  logical  choice  for  the  rec¬ 
tifier  mounting  plate  and  the  commutator  quadrant  assembly  framework.  Some 
copper  will  be  needed  for  stranded  cable  and  so  forth,  even  though  it  is 
inferior  in  this  application.  However,  copper  will  be  a  minor  component  and 
also  its  properties  will  be  partially  balanced  by  the  superior  heat  absorption 
quality  of  BeO.  It  wii)  be  assumed,  therefore,  that  the  heat  sink  will  be 
equivalent  to  5  pounds  of  aluminum  and  the  heat  absorbing  capability  will  be 
2150  joules/°C. 


Based  on  the  starting  conditions  of  400  amperes  maximum  given  in  Lear  Siegler 
Exhibit  1  (Figure  3),  the  heat  generated  in  each  module  can  be  calculated.  As 
described  in  Section  II,  the  output  portion  of  the  400-ampere  switching  module 
will  consist  of  six  RCA  TA-7017  chips  in  parallel  driven  by  six  8A  driver  chips 
in  parallel,  as  discussed  in  Section  II.  The  voltage  drop  of  the  circuit  in 


Section  II  is  essentially  the  of  the  output  circuit  plus  the  ^£(5^)  of 
the  driver.  The  start-heat  generated  in  each  module  can  then  be  calculated: 


Q  joules  ■[vCE(sat)  tlc>  ^tpulse)  +  (Vsupply)  (IC) 


(tc  , .  +  t  . 
fall  . ise 


)  x  (No.  of  pulses) 


This  calculation  is  shown  in  Appendix  C:  Q  =  2130  joules/switch 


The  total  energy  in  the  commutator  is  4  times  this  value  plus  a  10  percent 
safety  factor:  Qtotai  =  55,800  joules/start. 

Using  this  quantity  of  heat  and  the  heat  absorption  for  the  5-pound  aluminum 
heat  sink,  the  temperature  rise  lor  start  can  now  be  calculated. 

AT  _  55.800  joules 
case  2150  joules/°C 

AT  »  26°C 

Taking  the  specified  ambient  temperature  of  125°F  or  52°C,  the  temperature  of 
the  module  assembly  will  be  52°  +  26°  =  78°  at  the  end  of  the  first  start. 

The  effect  of  this  case-temperature  rise  on  the  devices  can  be  calculated  as 
follows:  the  TA-7017  output  units  will  each  pass  67  amperes  through  a  voltage 
drop  of  3.2  volts.  The  power  to  be  dissipated  is  P  =  67  amperes  x  3.2  volts  = 
220  watts.  The  standard  TA-7017  version  is  the  same  0.380-inch  square  chip 
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lead  mounted  to  a  molybdenum  mounting  block  brazed  to  a  copper  TO-3.  Typical 
thermal  resistance  values  range  from  0.25°C/watt  to  O.A^C/watt.  It  is  planned 
to  use  the  same  chip  and  molybdenum  block  brazed  to  a  copper  clad  aluminum 
heat  sink  for  the  modular  version.  A  value  of  0.4°C/watt  will  be  used  for 
this  analysis. 

Using  the  starting  power  dissipation  of  220  watts  and  a  steady  state  thermal 
resistance  of  0.4°C/watt,  a  junction  temperature  rise  is  calculated: 

AT.  =  0.4°C/watt  x  220  watts  =  88°C 
j-c 

Therefore,  at  the  end  of  the  first  start,  the  devices  on  the  module  would 
momentarily  have  a  junction  temperature  of 


T  +  AT.  =  T.  _ 

case  junction-to-case  junction 


78°C  +  88°C  =  166°C 


Taking  into  account  the  pulse  conditions  and  the  thermal  time  constants  (see 
Appendix  D)  the  junction  temperature  is  actually  111°C. 

Assuming  the  engine  did  not  start  on  the  first  attempt,  a  2-minute  wait  is 
specified.  There  may  be  some  small  degree  of  convection  cooling  during  this 
2-minute  wait  but  this  helpful  effect  will  be  neglected  in  this  worst  case 
analysis.  The  same  55,800  joules  will  be  generated  during  the  second  start, 
heating  the  78°C  package  an  additional  26°C  to  104°C.  The  output  device 
junctions  will  be  36°C  above  this  case  temperature,  reaching-140°C.  The 
second  start  is  still  a  safe  condition. 

Assuming  the  engine  does  not  start  on  the  second  attempt  and  assuming,  at 
this  time,  that  no  cooling  takes  place  during  the  2-minute  wait,  the  effects 
of  the  third  start  are  as  follows:  the  104°C  package  will  be  heated  to 
104°C  +  26°C  =  130°C.  The  output  device  junctions  will  then  reach  a 
temperature  of  130°C  +  36°C  =  166°C.  The  third  start  also  appears  feasible 
in  these  calculations. 
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3-2.  STARTING  CYCLE  ENERGY  ABSORPTION  -  BOOSTED  DARLINGTON 

Based  on  the  same  specified  boundary  conditions,  but  using  the  "Boosted 
Darlington"  described  in  Section  II,  paragraph  2-4,  the  effects  of  three 
starts  can  also  be  calculated.  It  offers  an  attractive  alternative. 

The  major  effect  of  the  "Boosted  Darlington"  is  to  reduce  the  voltage  drop  in 
the  output  stage  to  the  V(,^,(sac)  value  of  1.2  volts.  This  reduces  the  joules 
per  start,  the  temperature  rise  of  the  package  per  start,  and  the  AT  junction- 
to-case  of  the  device  chips.  The  total  commutator  joules  per  start  are 


calculated 


0  =  T(V  ,  )  ( I  )(t  )  +  (V  .  )(I  )(t,  .,)(t  .  )1  [no.  of  Pulses 

^  [;  CE(sat)^  cJK  p'  v  supply' v  c'  fall'  rise7]  [  J 

Q  =  22,600  (as  shown  in  Appendix  C) . 

compared  to  the  51,200  joules  of  the  normal  Darlington.  The  temperature  rise 
of  the  case  now  becomes: 


AT  case 


22.600  joules 
2150  joules/°C 


AT  case  =  11  C  per  start 

Three  starts  will  only  raise  the  commutator  to  a  temperature  of  52°C  +  33°C 
85°C.  The  power  to  be  dissipated  on  each  output  pellet  becomes: 


P  =  (67  amperes)  (1.2  volts) 

P  =  80  watts 

The  temperature  rise  of  the  junction  above  the  case  using  the  worst  case  DC 
condition  becomes 

AT.  =  80  watts  x  0.4°C/watt  =  32°C 
j-c 

Thus,  after  using  the  "boosted  Darlington"  for  3  starts,  the  calculated  max¬ 
imum  junction  temperature  for -the  devices  will  be: 

T.  =  85°C  +  32°C  =  117°C 
j  max 

which  is  well  within  the  recommended  ratings  (a  very  conservative  situation). 
The  effects  of  supplying  the  necessary  biasing  currents  for  the  "Boosted 


3-4 


Use  or  disclosure  of  proposal  data  is 
subject  to  the  restriction  on  the  title 
page  of  this-  proposal.  (December  1966). 


Darlington"  will  have  to  be  examined  from  an  overall  systems  viewpoint  but  it 
offers  a  desirable  safety  factor  in  the  very  critical  high  power  semiconductor 
portion  of  the  equipment. 

3-3.  COMMUTATOR  ASSEMBLY  DESIGN 

Using  the  specified  boundary  conditions  of:  envelope  dimensions,  weight,  heat 
absorption  needs,  and  high-current  connector  terminations,  a  commutator  struc¬ 
ture  can  be  designed  as  shown  in  Figure  3-1. 

Based  on  the  energy  absorption  calculations  which  were  discussed  in  paragraph 
3-1,  aluminum  will  be  the  primary  material.  The  12  individual  power  switch¬ 
ing  modules  will  be  arranged  radially  and  will  be  fastened  into  electrically 
insulated  slots.  Electrical  insulation  for  the  module  mounting-slots  can  be 
a  combination  of  hard  anodizing  and  a  protective,  thermally-conductive ,  epoxy 
resin  such  as  Delta  Cote  151  H.  These  materials  will  provide  reasonable  heat 
transfer  out  of  the  modules  while  electrically  isolating  the  individual  mod¬ 
ules  from  the  assembly  structure.  BeO  and  boron  nitride  are  alternate  possi¬ 
bilities  for  mounting  slots  that  offer  electrical  isolation  and  good  thermal 
conduction.  The  8  low-current  connector  terminals  and  4  high-current  connector 
terminals  will  be  located  on  each  of  the  four  corners  of  the  assembly.  This 
12-module  structure  should  be  capable  of  "remove  and  replace"  type  maintenance 
from  the  termination  end  of  the  assembly,  providing  the  shroud  is  easily 
removable. 

3-4.  INDIVIDUAL  SWITCHING  MODULE 

Each  of  the  six  positive  switches  and  each  of  the  six  negative  switches  will 
be  physically  and  electrically  interchangeable.  However,  minor  shape  variations 
will  prevent  mistakingly  substituting  a  positive  for  a  negative  switching 
module  if  a  failure  occurs  in  the  field.  The  basic  structure  of  the  individual 
power  switching  module  will  be  as  shown  in  Figure  3-2. 

The  six  TA-7017  chips  used  in  the  output  stage  dissipate  the  most  heat  and 
have  been  dispersed  as  widely  apart  as  possible. 

The  mounting  plate  part  of  the  module  will  consist  of  a  copper-clad  (10%  of 
thickness)  aluminum  plate.  As  discussed  in  Section  III,  3-1,  the  aluminum  will 
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12-MODULES 


4-RECT.  MOUNTING 
BASE  ENVELOPES 


Figure  3-1.  Static  Commutator  Power-Switching  Assembly 
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absorb  the  heat  produced  during  the  start  cycle  and  act  as  the  conductor  for 
o 

the  400A  collector  current.  The  copper  cladding  on  the  aluminum  will  facilitate 
brazing  the  molybdenum  blocks  and  the  metalized  BeO  pieces.  The  molybdenum 
blocks  are  required  to  match  the  thermal  expansion  of  the  large  silicon  power 
TA7017  chips.  (The  TA7017  is  presently  the  largest  number  of  the  RCA 
hometaxial  power  transistor  family.)  The  metalized  BeO  piece  will  provide 
electrically  isolated  mounting  for  the  medium-power  driver  chips  while 
providing  good  heat  absorption  (Section  III,  3-1),  and  good  heat  transfer  to  the 
copper-clad  aluminum  mounting  plate.  The  pins  brazed  to  various  metalized 
areas  on  the  BeO  provide  ideal  anchor  points  for  soldered  clips  that  will  pro¬ 
vide  interconnection  to  the  emitters,  bases,  collectors,  and  thick-film 
resistors  in  the  circuit.  Similar  pins  brazed  to  BeO  have  been  used  with 
excellent  reliability  on  RCA  power  transistors  such  as  the  JAN  2N3375.  The 
clips  will  be  similar  to  those  designed  into  RCA's  conventional  silicon  process 
power  transistors. 

Interconnection  of  chips  and  thick-film  resistors  and  paralleling  of  the 

driver-stage  chips  can  then  be  accomplished  by  wiring  from  pin  to  pin.  The 

emitter  contacts  of  the  output  units  will  be  paralleled  by  soldering  a  flat- 

stranded  nickel-plated  copper  strap  to  each  emitter  area.  This  will  complete 

o 

the  other  half  of  the  400A  output  circuit. 

The  planar  units  in  the  low-level  input  stages  will  be  packaged  in  hermetically 
sealed  TO-18  cans  and  press  fit  with  an  insulating  sleeve  into  the  aluminum 
mounting  plate.  An  alternate  attaching  method  would  use  thermally  conductive 
epoxy  to  attach  the  T0-18's  to  the  mounting  plate. 

When  all  of  the  chips  and  thick-film  resistor  blocks  are  soldered  into  place 
and  electrically  checked,  the  device  can  then  be  encapsulated.  The  first  coat 
will  be  a  silicone  junction  coating  for  good  electrical  characteristics.  This 
will  be  followed  by  a  thick  coating  of  a  flexible  silicone  resin  to  provide 
additional  environmental  protection  and  allow  the  considerable  thermal 
expansion  and  contraction  to  take  place  without  additional  stresses  from  the 
resin.  The  close  fitting  finied  aluminum  cover  will  be  put  in  place  and 
mechanically  staked  or  swaged  Additional  resin  will  be  cast  or  molded  into 


3-8 

’88 


Use  or  disclosure  of  proposal  data  is 
subject  to  the  restriction  on  the  title 
page  of  this  proposal.  (December  1966). 

special  holes  in  the  cover  and  around  the  electrical  termination  openings. 

The  completed  module  will  resemble  Figure  3-3. 

RCA  has  over  a  million  hours  of  successful  device  testing  of  its  new  2N5034 
and  TA-2911  silicone  plastic  molded  silicon  power  transistors.  The  failure 
rate  adjusted  to  rated  conditions  from  the  over-stress  test  is  approximately 
0.1  percent  per  1000  hours.  A  similar  silicone  resin  and  silicone  plastic 
coating  is  planned  for  this  power  module,  which  should  afford  excellent 
reliability. 

These  modules  will  be  tested  when  they  are  completed  and  after  their  assembly 
into  the  commutator  assembly  under  the  conditions  specified  in  the  environmental 
specification  in  Lear  Siegler  Exhibit  I. 

3-5.  RECTIFIER  ASSEMBLY  DESIGN 

The  rectifier  will  be  supplied  in  4  aluminum  mounting  blocks  or  modules.  It 
is  planned  that  each  module  will  contain  3  rectifiers  enclosed  in  individual 
device  envelopes  as  shown  in  Figure  3-2. 

Modules  of  suitable  material  thickness  are  not  to  exceed  1.5  pounds  for  all 
4  modules.  Each  module  has  the  following  maximum  dimensions  and  weight  re¬ 
strictions: 

a.  Maximum  weight  per  module:  0.37  pound 

b.  Maximum  allowable  height:  Approximately  one  inch 

c.  Effective  heat  sinking  and  sealing  surface  area  per  module: 
Approximately  3/4  inch  x  3-1/2  inches. 

Electrically,  each  rectifier  must  be  capable  of  a  continued  average  rating  of 
33  amperes  or  58  amperes  R.M.S.  Also,  each  rectifier  must  exhibit  controlled 
avalanche  characteristics  at  80  volts  peak  reverse-voltage. 

To  meet  these  requirements  a  device  envelope  with  the  dimensions  of  the  TO-3 
will  be  given  primary  consideration  because  it  appears  to  best  meet  the 
termination  configuration,  dimensional  requirements,  and  the  weight  restric¬ 
tion  imposed  by  Lear  Siegler  drawing  No.  23068-1000. 
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Figure  3*3.  Completed  Individual  Module 
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In  the  unlikely  event  that  a  50-watt  Zener  rectifier  (similar  to  the  IN  2835) 
cannot  meet  the  established  specifications,  two  alternate  approaches  can  be 
explored.  One  alternative  involves  utilizing  a  stud  package  of  smaller  dim¬ 
ensions  than  the  TO-3.  This  configuration  would  use  6  devices  per  rectifier- 
module.  The  other  alternative  would  utilize  3  stud  packages  per  module,  but 
the  overall  height  of  these  packages  would  be  greater,  by  approximately  1/2 
inch,  than  the  overall  height  presently  permitted  by  the  existing  specifica¬ 
tions. 

These  alternatives  would  be  explored  only  if  the  original  rectifier-package 
configuration  could  not  meet  the  stated  requirements.  Although  it  is  unlikely 
that  either  of  these  approaches  would  be  required,  they  are  indicated  as 
possible  choices  which  could  be  used  by  making  moderate  relaxations  in  the 
overall  rectifier-module  dimension  and  weight  requirements. 
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SECTION  IV 
STATEMENT  OF  WORK 


4-1.  SPECIFICATIONS 

The  work  will  be  directed  toward  designing,  building,  and  delivering  two  com¬ 
mutator  assemblies  in  accordance  with  this  proposal.  Each  of  these  commutator 
assemblies  will  consist  of  6  positive-switch  modules,  6  negative-switch  modules, 
a  structure  to  support  each  module,  4  rectifier  modules  and  associated  wiring. 
This  hardware  will  comply  as  closely  as  possible  to  the  specification  of  Lear 
Siegler  Inc.  as  shown  in  Exhibit  I  (attached)  with  the  following 

qualifications : 


a.  The  electrical  and  environmental  performance  of  the  commutator 
assemblies  will  be  consistent  with  the  best  efforts  of  RCA  to 
achieve  the  operational  requirements  of  the  brushless  starter- 
generator  as  outlined  in  Exhibit  I. 

b.  The  rectifier  portion  of  the  commutator  assembly  shall  be  in 
accordance  with  paragraph  3-5  of  this  proposal  with  particular 
recognition  of  the  possibility  of  choosing  an  alternate  approach. 
Every  attempt  will  be  made  by  RCA  to  use  the  TO-3  primary 
approach  to  achieve  the  dimensional  requirements  of  the  Commu¬ 
tator  assembly. 


4-;  •  WORK  SCHEDULE 

The  proposed  work  schedule  as  shown  in  Figure  4-1  represents  the  jest  possible 
and  most  realistic  assessment  of  timing-milestones  for  this  program  that  can 
be  achieved  by  RCA.  It  was  conceived  in  full  recognition  of  the  urgent  need 
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Months  After  Award  of  Contract 


Figure  4-1.  Work  Schedule 


for  development  of  brushless  commutator  assemblies  for  Lear  Siegler  Inc.  and 
consequently  reflects  the  need  for  developing  many  phases  of  this  program  in 
parallel. 


In  view  of  the  stringent  timing  imposed  in  this  development,  RCA  has  made 
assumptions  on  the  developmental  timing  of  various  phases  of  this  program 
which  do  not  allow  margin  for  re-design,  rework,  etc..  Caution  should  be 
exercised  in  assuming  the  delivery  schedule  of  completed  hardware  shown  as 
Milestone  IX  reflects  any  unusually  conservative  estimates  or  built-in  margins 
for  major  error.  RCA  has  made  every  attempt  to  reflect  the  most  realistic 
possible  timing  committments  consistent  with  the  urgent  nature  of  Lear  Siegler' s 
needs . 
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APPENDIX  B 

CIRCUIT  DESIGN  CALCULATIONS 
B-l.  POSITIVE  STATIC  SWITCH 

Assume  T  maximum  =  150°C  and  V  is  regulated  to  10% 


*L  *  *2  +  IR,7 


If 


12  =  (B10  +  X)  *11 


I  =  0.31  ampere 

R,  / 


R,7 


VBE.1Q  at  150  C 


0.2 


ICER,4  +  ICBO,10 


0.2 


21  x  10-3  +  10  x  10-3 

=6.5  ohms  per  transistor 


_  BE.  10  _  2^0 
K,7 ,Fwd  "  1.0  6.5 

=2.0  amperes 


h  •  <610  +  »  'll  +  'r,7  (IR,7  1s  negll8lble) 
400  =  (8  +  1)  I1X 

X11  =  =  45  amperes 
hi  =  (£V  (I3) 

In  4S 

T  =  -Li-  =  —  =  3.0  amperes 
3  8^  15 
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and 


I.  ,  «  I.  ,  (B.,  +  1)(B~  +  1)  =  8.1  (21) (21)  =  3.572  amperes 

3  DjZ  Z  3 


lZ,3  ~  ll 


\  ~  (VCE(sat).2  +  VBE,3  +  VBE.A) 


10  -  (0.5  +  2.0  +  2.0) 
3.572  ■ 


10  -  4.5  5.5 

3.572  "  3.572 


=  1.5  ohms 


,  VBE,3<on)  +  Vs  .  2  0  t  il  .  7^  .  Q  21 
R,5  Rc  36  ohms  36  v 


I  must  be  changed  to  accommodate  this  current. 
8 

if 


then 


XE,2  =  IB,3  +  IR,5 

L-+  i  R 
B3  +  1  R,5 

_  3.572  o  21 

20+1  U’  1 

=  0.17  +  0.21 
=0.38  ampere 

!  -Jiii _ 

8  (02  +  1) 

0.38 
=  21 

=  0.018  ampere 


V2  *  V3  (at  150°C>  -  °'2  +  °'2 


0.4 


ICER,1  +  ICB0,2 


0.010+0.005  0.015  x  10”3 


=  1.0  kilohm  assigned,  23  kilohms  permissible. 
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■> 


and 


3.0  mllliampereB 


W-’.'T'. TJ  - iw-.-v  1  v  -R 11  u" 11 111 
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then 


R1  =  =  820  ohms 


If 


VR,9  ’  2'5  '  (?BE,1  +  VR,2>  ■  2'5 


-  (1.1  +  0.7)  =  0. 


and 


I  =  2.0  milliamperes 

R,9 


then. 


0.7 


9  -3 

*  2.0  x  10 


=  350  ohms 


7  volts 


199 
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B-2.  NEGATIVE  STATIC  SWITCH 


Assume  maximum  T^,  =  150  C  and  regulated  to  10% 


1^  =  400  amperes  =  1^  +  1^ 


If 


Then, 


and 


h  =  V4 


l2  '  610  XB,10 


IB,10  "  X3  "  XR,9 


I3  -  (Ba  4  1)  IA 


*L  (64V  +  610  (B4  +  1)  I4  S10  ZR,9 


(15)  I4  +  8  (16)  I4  -  16 


=  (143)  I4  -  16  =  400  amperes 

t  416  „  „ 

1 4  *  “  2.9  amperes 


*1  =  ^4^  ^4^  =  (15)  (2.9)  =  43.5  amperes 


I3  =  (84  +  1)  (I  )  =  (16)  (2.9)  =  46.5  amperes 


I„  m  =  I-i  "  ID  o  *  46.5  -  2.0  =  44.5  amperes 

D  f  iv  J 


810  ^B  10  ^  =  8  =  356  amPeres 


BE. 10 


6ICER,4  +  6ICB0,10 


Cat  150  C) 


0.2 


6(20)  x  10'3  +  6(10)  (10-3) 
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■  oio  *  - 1-°  °h" 


on) 


_  BE. 10 (on) 


2.0 

1.0 


2.0  amperes 


V  +  V 

BE. 4  BE. 10 _ 

ICER,2  +  ICER,3  +  ICB0,4 


(at  150°C) 


0.20  +  0.20 


0.01 


=  18 


+  20 
< 

ohms  * 


+  2.5 


0.4 

22.5 


V  +  V 
=  BE. 4  BE. 10 

on)  Rg 


2.0  +  2.0 
18 


4.0 

18 


=  0.225  ampere 


I,  =  I.  +  ID  0  =  2.9  +  0.225  *  3.125  amperes 

D  4  K ,  O 


(b2  +  i)  i? 
S2  X7 


63  (B2  +  1)  I?  +  62  X7  -  I4  +  IR>8 

(15)  (20  +  1)  I?  +  (20)  I?  =  3.125 

335I?  =  3.125 
3  125 

I?  =  333  =9.35  milliamperes 
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Now  for  R, 


V  =  v  -  (V  +V  +V  ) 

R,3  x  v  CE(sat),3  BE, 4  BE,10' 


=  10  -  (1.20  +  2.0  +  2.0)  =  10  -  5.2 
=  4.8  volts 


VDC.  „  at  150  C 

d  BE,  3 _  ...op,  0.2 

^2  t  +  t  150  C)  - 

CB0,3  CER, 2 


_ 0^2 

2.5  +  0.01  “  2.5 


=  80  ohms 


R,2(on) 


_  VBE.3  +  VR,3  _  2.0  +  4.8  _  ^8 


80 


80 


But, 


Now, 


=  85  milliamperes 


XE,2  =  (B  +  1)  IB  2  =  (21)  (9.35) 


=  196  milliamperes 


IE,2  '  ^,2  +  \2^u)  ‘  156  +  85 


281  milliamperes 


B,2 


b2  +  1 


281 

21 


13.4  milliamperes 


IE,3  ’  (S  +  »  (IE,2> 
=  4.116  amperes 
V, 


=  (20  +  1) (196)  *  (21) (196) 


R.  3  4.8 


3  I 


E,  3 
1.15  ohms 


4.116 


C,1 


^,1  +  X7 
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R 


1 


ICER,1  +  ICB0,2 


(at  150°C) 


0.2  +  0.2  0.4 

0.01  +  0.05  “  0.015 


26  kilohms,  use  1.0  kllohm 


R,l(on) 


_  VBE,2  *  VBE.3  *  VR.3  b  (1.1  +  2.0  +  4.8) 


8.0  mllllamperes 


I-  .  «  8.0  +  13.4 

■  21.4  mllllamperes 

T  TC.l  21.4 
8*8  “20 

■  1.05  mllllamperes 


For  Ry , 


IE>1  •  (8  +  1) (I8)  ■  (21) (1.05) 

■  22  mllllamperes 

VR,7  "  VCC  “  (VCE(sat),l  +  VBE,2  +  VBE,3  +  VR,3* 

-  10  -  (0.5  +  1.1  +  2.0  +  4.8)  -  10  -  8.4 

■  1.6  volts 

V 

R  „  _Ej2  «  UL 

7  !E.l  22-° 

■  75  ohms 


XR,4  “  XR,6  +  IR,5 

■  5.0  mllllamperes 

Assume  1.0  volts  across  R^,  then, 

V 

R.4  1.0 

R  .  -_i_  .  - — 

*  AR,4  5  x  10  J 

■  200  ohms 
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Vn  ,  =  V  .  .  -  V_  .  -  5.0  -  1.0 

R,  5  signal  R,4 


4.0  volts 


1  _  =  3.0  milliamperes 

K,o 


Then, 


V 

R.5  =  4,0 

IRj5  "  3-° 
1.33  kilohms 


then, 


VR.6-4'°-  <Vl+VR,2) 

-  4.0  -  (1.1  +  1.6) 

*  1.3  volts 


IR  g  *  2.0  milliamperes 


B.6  1.3 


=  560  ohms 
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APPENDIX  C 

CALCULATION  OF  POWER  AND  ENERGY 

C-l.  ASSUMPTIONS 

1.  Use  six-step  graphical  analysis  (see  Figure  C-l). 

Assume  A  switches  are  on  at  one  time. 

3.  Calculations  are  based  on  a  single  switch  basis. 

4.  Assume  33%  "on"  time. 

5.  Period  is  equal  to  3  times  the  pulse  width. 

6.  Pulse  width  read  from  log  plot  assuming  a  linear  plot  from  300 
milliseconds  to  1.7  milliseconds. 

The  terms  are  defined  as  follows: 

VcE(sar)  *  output  stage  collector-to-emitter  voltage  in  the  "on"  state. 

I£  =  output  stage  current  that  is  equal  to  load  current. 

t  =  pulse  width  of  the  current. 

P 

Vcc  =  supply  voltage  =  30  volts, 
t^  =  transistor  fall  time  ■  25  ys 
tf  *  transistor  rise  time  =  25  ys 
No.  Pulses  *  number  of  pulses  in  a  5  second  period. 

The  energy  per  switch  is 

Q  ’  t(VCE<sat)(1c)(V  +  (Vcc)(Ic>  *  (tf  +  V]  (lto-  Pulses) 


C-l 
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Sample  calculation  for  first  step 


Q  = 


(3.2) (400) (200  x  10“  )  +  (30) (400) (30  x  10 
(1280) (200  x  10“3)  +  (12000) (50  x  10~6)  ] 


-6>] 


8.3 


=  (256  +  0.6)  8.3 

=  2129.78  joules/switch 


8.3 


The  six-step  integration  is  shown  in  Table  C-I. 

Total  energy  in  commutator  for  Normal  Darlington 

Q  =  (Energy/Switch)  (No.  of  switches)  (safety  factor) 
=  (12,682  joules)  (4)  (1.1) 

Q  Total  =  55,800  joules 


The  Boosted  Darlington  energy  per  switch  may  be  calculated  using  the  above 
equations  with  a  v^E(sat)  °f  1«2  volts.  See  Table  C-II  for  the  six-step 
integration. 


Q  *  5151  joules/switch 

The  total  energy  in  the  commutator  for  the  Boosted  Darlington  is 

Q  *  (Energy/Switch) (No.  of  switches)  (safety  factor) 

=  (5151  joules)  (4)  (1.1) 

=  22,600  joules/start 


The  current  is  assumed  to  be  constant  at  400  amperes  for  the  full  30-second 
period.  This  is  pessimistic  assumption. 


?  0  7 


TABLE  C-I.  NORMAL  DARLINGTON  ENERGY  CALCULATION  RESULTS 
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APPENDIX  D 

TRANSIENT  THERMAL  RESISTANCE 

D-l.  CALCULATION 

The  thermal  resistances  and  capacitances  of  the  various  assembled  parts  of  the 
output  units  used  to  compute  the  thermal  RC  or  thermal  time  constant  are  listed 
below. 


\h 

°C/W 

C  ,  Watt-sec/°C 
tn 

RC  Thermal 
in  milliseconds 

-2 

-3 

Silicon  chip 

2.88 

x  10 

-2 

2.5  x  10 

-3 

0.072 

Lead 

2.14 

x  10 

-1 

3.5  x  10 

-1 

0.074 

Molybdenum 

1.5 

x  10 

-1 

2.9  x  10 

43.0 

Aluminum 
(adjacent  to 

1.05 

x  10 

2.06 

210.0 

molybdenum) 

The  thermal  time  constants  may  be  compared  to  the  on  and  off  times  occurring 

toward  the  end  of  the  start  cycle,  i.e.,  t  =2.6  milliseconds,  t  =  5.2  milli- 

y  on  ’  off 

seconds. 

These  times  are  significant  in  that  the  silicon  chip  and  the  lead  will  be 
modulated  by  the  short  pulses,  but  the  molybdenum  block  and  aluminum  will  be 
thermally  charging  and  achieving  a  steady  state. 

The  lumped  thermal  resistance  of  the  molybdenum  and  aluminum) though  calculated 
at  0.25°C/W,will  be  set  at  0.35°C/W  to  allow  for  real  device  variations.  The 
effective  pulse  power  for  the  molybdenum  and  aluminum  is  one  third  of  the  220 
watts  or  73  watts.  The  AT  rise  will  be  75  W  x  0.35°C/W  =  26°C.  The  time  con¬ 
stants  of  the  silicon  chip  and  lead  are  short  compared  to  the  pulse.  The  AT 
is  then  calculated  on  full  power: 

AT  =  220  W  x  0.05°C/W  =  11°C 


>  1 0 
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The  total  AT  junction- to-case  is  36°C.  The  junction  temperature  is  then 

T  +  AT  =  T 
case  j-C  junction 

75°C  36°C  =  111°C 
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SECTION  I 
INTRODUCTION 


The  need  for  a  lightweight,  compact  array  of  twelve  400-ampere  transistor¬ 
ized  switches  led  to  this  program  for  the  design  and  fabrication  of  high- 
current  power  hybrid  modules.  The  12-module  array  produced  for  this  program 
is  part  of  an  electronic  commutator  for  a  DC  motor;  the  array  replaces  the 
present  mechanical  brush  and  commutator  parts. 

A  hybrid  integrated  power  module  design  was  chosen  after  it  was  determined 
that  conventionally  packaged  discrete  transistor  assemblies  could  not  meet 
the  prescribed  weight  and  volume  limitations  of  the  system.  The  contract 
specified  a  maximum  weight  of  5  pounds  and  a  configuration  that  would  fit 
within  a  special  shape  of  75  cubic  inches.  Each  module  was  required  to 
switch  400  amperes  from  an  input  signal  of  10  milliamperes ;  to  block  80-volt 
transient  peaks  in  the  "off"  state;  and  to  absorb  the  1.2  kilowatts  dissi¬ 
pated  on  the  basis  of  a  one-third  duty  cycle  for  a  specified  short  period  of 
operation. 
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SECTION  II 


TECHNICAL  DISCUSSION 

A.  GENERAL  INFORMATION 

The  module  array  developed  for  this  contract  contains  two  groups  of  six 
transistorized  switch  modules,  a  total  of  12  switch  modules.  Figure  1  shows 
the  switch  array  with  two  switch  modules  removed.  Each  module  group  contains 
three  positive  switch  modules  and  three  negative  switch  modules.  Figure  2  is 
the  block  diagram  of  one  module  group;  windings  LI  through  L3  represent  the 
load,  i.e.  ,  the  starter  motor  windings.  The  other  six  switch  modules  of  the 
array  are  identical  but  are  operated  30  degrees  out  of  phase  with  those  of 
Figure  2.  Each  module  is  basically  a  switching  amplifier,  the  output  stages 
of  which  contains  "composite"  or  paralleled  multiple  chips.  The  switch 
modules  operate  with  a  120-degree  (one-third)  duty  cycle  at  frequencies  from 
DC  to  200  hertz.  Figure  3  shows  variations  in  frequency  response  as  a  func¬ 
tion  of  time. 

Input  signals  to  switches  A,  B,  and  C  (Figure  2)  are  referenced  to  the 
positive  bus;  these  switches  are  termed  positive  switches.  Input  signals  to 
switches  D,  E,  and  F  are  referenced  to  the  common  bus;  those  switches  are 
termed  negative  switches.  The  type  of  signal  and  the  current-carrying  require¬ 
ments  are  such  that  the  positive  switch  must  have  pnp  action  and  the  negative 
switch  npn  action. 

B.  CIRCUIT  DESIGN 

1.  AC  SIMULATION 

By  opening  and  closing  in  proper  sequence  the  pairs  of  switches  shown 
in  Figure  2,  current  flows  in  a  controlled  manner  through  Y-connected  load 
windings  LI  through  L3.  Windings  LI  and  L2  pass  current  in  one  direction  with 
switches  A  and  E  closed  and  in  the  opposite  direction  with  switches  B  and  D 
closed.  A  polyphase  AC  output  is  produced,  therefore,  from  a  DC  supply. 
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Properly  synchronized  input  signals  to  the  400-ampere  power  switches  are 
supplied  by  the  Lear  Siegler  logic  system.  The  signal  level  to  the  switches 
is  specified  as  5  volts  minimum  for  an  "on"  current  of  10  milliamperes.  The 
switches  are  on  for  one-third  of  the  period  and  off  for  two-thirds;  they  must 
be  capable  of  DC  operation  for  0.3  second  at  the  initiation  of  operation  and 
capable  of  operating  at  200  hertz  at  the  end  of  an  operating  cycle. 

2.  CIRCUIT  CONSIDERATIONS 

The  circuit  used  in  each  switch  is  similar  to  a  quasi-complementary 
audio-amplifier  output  stage  in  which  high-current  pnp  action  is  required. 

An  output  stage  of  this  type  is  shown  in  Figure  4;  it  makes  use  of  a  pnp  and 
npn  Darlington-configured  output  to  simulate  the  action  of  a  high-current, 
high-gain,  pnp  transistor.  The  switch  circuit  makes  use  of  the  recently 
developed  transistor  type  2N5575,  a  70-ampere,  60-volt,  npn,  silicon  transistor. 
The  400-ampere  current  level  is  achieved  by  paralleling  the  2N5575  transistor 
chips.  Because  the  transistor  chips  are  matched  electrically,  current  sharing 
is  assured. 

The  general  configuration  of  the  switches  was  made  as  symmetrical  as 
possible  to  keep  the  losses  and  operation  of  each  switch  as  similar  as  possi¬ 
ble.  Both  positive  and  negative  switches  may  be  divided  into  three  sections: 
a  predriver,  a  Darlington  driver,  and  a  Darlington  output.  Dissipation  was 
kept  at  a  minimum  by  designing  so  that  all  transistors  are  on  during  the  one- 
third  period  when  the  switch  is  on  and  off  during  the  two-thirds  period  when 
the  switch  is  off.  Each  switch  has  a  resistive-divider  network  at  the  input, 
which  reduces  the  "off"  signal  level  presented  to  the  input  transistor  and 
ensures  that  the  switch  remains  off  with  a  maximum  "off"  input  level  as  high 
as  0.3  volt.  Some  additional  noise  immunity  also  is  provided,  because  the 
switches  are  packed  very  closely. 

A  secondary  supply  is  used  to  minimize  both  driver-level  variations 
due  to  power-supply  variations  and  noise  at  the  input  generated  by  the  opera¬ 
tion  of  the  other  switches.  If  a  single  supply  was  used,  the  resistors  and 
transistors  would  suffer  excess  dissipation  with  a  high  supply  voltage, 
because  the  circuit  operates  at  low  supply  voltages.  The  secondary  supply 
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also  permits  isolation  of  low-level  circuits  from  transients  that  accompany 
the  main  supply  voltage.  For  reliable  operation,  a  regulated  10-volt  supply, 
accurate  to  ±10  percent,  is  used  as  the  secondary  supply.  Secondary  supply 
current  varies  with  system  conditions;  nominal  current  is  about  10  amperes, 
worst-case  current  is  16  amperes.  Supply  current  is  drawn  only  when  a  switch 
is  on.  Because  three  switches  are  on  during  one-third  of  each  period,  current 
drawn  from  the  secondary  supply  remains  reasonably  constant.  Another  design 
constraint  dictates  that  an  80-volt  transient  be  sustained  for  certain  time 
periods.  This  requirement  is  met  by  ensuring  that  the  V  ^  of  the  output 
and  driver  transistors  is  above  the  80-volt  level.  While  fulfillment  of  this 
requirement  necessitates  a  premium  voltage  as  well  as  a  high  current  selection, 
it  is  important  to  reduce  heat  during  the  off  period  by  preventing  the  tran¬ 
sistors  from  being  driven  into  the  sustaining  breakdown  region. 

3.  POSITIVE-SWITCH  DESIGN 

The  positive  switch  shown  in  Figure  5  was  designed  with  a  pnp  pre¬ 
driver  direct-coupled  to  an  npn  Darlington-driver  pair,  which,  in  turn,  are 
direct-coupled  to  a  pnp  and  npn  quasi-Darlington  output  stage.  The  circuit 
makes  use  of  direct  coupling  because  it  is  a  system  requirement  and  because 
it  minimizes  phase-shift  and  switching  problems.  Hybrid  construction  problems 
also  are  reduced,  because  capacitors  are  eliminated.  The  pnp  and  npn  quasi- 
Darlington  output  of  the  switches  has  been  used  in  high-quality,  high-power 
audio  amplifiers  with  excellent  reliability.  The  five-transistor  stages  can 
provide  a  minimum  current  gain  of  720,000. 

A  third  supply  capable  of  providing  reverse  bias  for  "turn-off  drive" 
was  not  available  for  use  in  this  application.  This  additional  design  con¬ 
straint  dictated  the  use  of  medium-frequency  transistors  throughout  the 
switch  except  for  the  paralleled  output  transistors.  Because  of  the  high 
second-breakdown  capability  of  the  hometaxial  (single-diffused)  transistor 
structure,  it  was  decided  to  use  this  type  of  transistor  in  the  output  stage 
as  an  additional  precaution  in  handling  the  high  currents.  Hometaxial  con¬ 
struction  produces  a  rugged,  low-frequency  device;  its  use  as  the  output  tran¬ 
sistor  makes  it  the  only  limiting  device  in  determining  the  switching  speed. 
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Resistors  connect  the  base  of  each  transistor  stage  to  the  appropriate  emitter 
and  provide  a  turn-off  current  path  and  a  shunt  path  for  leakage  currents. 

This  shunt  path  prevents  the  switch  from  being  turned  on  by  the  leakage  cur¬ 
rents  even  at  elevated  temperatures. 

4.  CHIP  PARALLELING 

To  meet  the  400-ampere  requirement,  the  output  Darlington  in  the  posi¬ 
tive-switch  circuit  is  constructed  of  six  parallel  RCA  Dev.  Type  TA7279  tran¬ 
sistors  that  drive  six  parallel  2N5575  transistors.  The  TA7279  transistors 
are  8-ampere  pnp  types;  the  2N5575  transistors  are  70-ampere  npn  types.  To 
parallel  transistors  and  at  the  same  time  assure  good  current  sharing  requires 
either  matching  to  t’ght  limits  or  using  some  additional  external  components 
such  as  ballast  resistors.  Because  of  space  and  power-dissipation  limita¬ 
tions  of  the  400-ampere  switch  design,  a  matched  chip  was  chosen  even  though 
it  required  extra  testing  and  parts  grouping.  The  transistors  in  each  set 
are  grouped  tightly  for  Vn„  and  V„_(sat)  at  their  highest  operating-current 
level;  in  addition,  at  the  high  current  levels  used  in  this  circuit,  there  is 
a  self-compensation  effect  that  aids  sharing.  The  VD„  for  a  given  collector 
current  increases  with  temperature  at  high  current  levels,  instead  of 
decreasing  with  temperature  as  it  does  at  low  current  levels.  The  current 
level  in  the  output  transistor  is  high  enough  so  that  this  effect  may  be  used 
to  improve  the  degree  of  sharing.  At  the  current  level  involved,  any  tran¬ 
sistor  carrying  more  than  its  share  of  current  will  heat  rapidly  and  thereby 
increase  the  V  required  to  sustain  its  current.  Because  all  of  the  tran- 
sistors  are  operated  in  parallel,  this  action,  in  effect,  will  increase  the 

V  applied  to  the  other  transistors  and  force  them  to  carry  more  of  the 

nfc. 

current . 

The  thick-film  power  resistors  on  alumina  substrate  are  bonded  to  the 
heat  sinks  and  are  designed  with  a  maximum  power  density  of  100  watts  per 
square  inch.  This  power  density  was  determined  from  thermal-resistance  measure¬ 
ments  and  by  the  thick-film  vendor's  recommendation  of  a  150°C  maximum 
operating  temperature.  Temperature  coefficients  of  various  resistor  materials 
were  taken  into  account  in  the  circuit  design. 
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5. 


NEGATIVE  SWITCH 


The  negative  switch  shown  in  Figure  6,  which  was  designed  in  the 
same  manner  as  the  positive  switch,  acts  like  a  high-gain,  high-current,  npn 
transistor.  It  consists  of  an  npn  input  transistor  and  a  pnp  Dar 1 ington-pair 
driver  stage  with  two  RCA  Dev  Type  TA7279  chips  paralleled  to  handle  the  driver 
output  current  level.  The  output  Darlington  stage  consists  of  three  paralleled 
2N3265  20-ampere  npn  chips  driving  six  paralleled  2N5575  70-ampere  npn  tran¬ 
sistors  . 


6.  CALCULATIONS 

Both  positive  and  negative  switches  were  designed  with  the  aid  of  a 

computer  and  a  simple  transistor  model  to  minimize  routine  calculations  in 

evaluating  component  changes  and  device-characteristic  variations.  Because 

components  and  devices  were  to  be  used  in  a  saturated  switching  application, 

only  h__,  leakage  currents,  and  V  (sat)  were  used.  By  tabulating 

r  L  dl  LL 

variations  in  these  parameters  and  using  the  information  in  a  subroutine,  the 
effects  on  switch  operation  of  variations  in  component  and  device  parameters 
were  predicted  quickly.  Working  breadboards  of  both  positive  and  negative 
switch  circuits  were  built  and  were  checked  out  before  complete  module  fabri¬ 
cation  was  begun. 

C.  SWITCH-MODULE  PERFORMANCE 

RCA  delivered  switch  modules  to  Lear  Siegler  as  follows:  November  1968, 
modules  8,  11,  16,  51,  52,  and  71;  January  1969,  modules  50  and  62; 

5  February  1969,  modules  70,  11  (repaired),  and  71  (repaired);  18  February 
1969,  modules  6,  12,  19,  64,  65,  and  100.  Power-test  data  for  these  modules 
are  shown  in  Table  I,  which  also  identifies  eacli  module  as  a  positive  switch 
(+)  or  a  negative  switch  (-). 

Modules  11,  16,  and  71  were  returned  to  RCA  for  analysis  and  repair. 

The  power  resistors  were  replaced  in  modules  11  and  71,  and  t lie  modules  were 
reshipped  to  Lear  Siegler.  It  was  found  that  module  16  could  not  be  repaired; 
therefore,  it  was  scrapped  (see  Monthly  Technical  Report  16  dated  February  7, 
1969) . 
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A  "perfect"  positive  switch  contained  six  functioning  driver  transistors 
and  six  output  transistors.  A  "perfect"  negative  switch  contained  three 
drivers  transistors  and  six  output  transistors.  An  additional  driver  build¬ 
ing  block  was  incorporated  into  positive  modules  6,  12,  19,  and  100. 

In  addition  to  the  power-test  data  shown  in  Table  I,  the  following  mea¬ 
sured  values  were  typical  for  the  switch  modules: 

a.  Switching  at  400  amperes:  storage  time,  10  microseconds; 
fall  time,  12  microseconds 

b.  V^^Csat):  3  volts  at  400  amperes 

c.  Output-circuit  leakage  current:  less  than  20  milliamperes  at 
80  volts 

D.  DESIGN  FABRICATION 

1.  MODULE  HEAT  SINK 

After  exploring  a  number  of  possible  configurations  and  materials, 
aluminum  was  chosen  as  the  optimum  material  for  the  module  heat  sink.  Machin- 
ability  provided  to  be  an  important  factor,  because  close  packing  was 
necessary.  Under  the  design  limits  imposed,  a  wedge-shaped  heat  sink 
(Figure  7)  provided  the  best  combination  of  compactness,  heat  absorption, 
symmetrical  thermal  response,  and  maximum  internal  mounting  surface  for  the 
components. 

2.  BUILDING-BLOCK  CONCEPT 

It  was  planned  originally  to  attach  the  semiconductor  chips  directly 
to  the  molybdenum  and  beryliia  pads,  which  were  prebrazed  to  the  module  heat 
sink.  Although  several  early  negative  switches  were  made  successfully  in 
this  manner,  in-process  yields  (especially  of  the  positive  switch)  led  to  the 
building-block  concept.  This  concept  was  used  to  make  all  positive  switches 
and  most  of  the  negative  switches. 

Building  blocks  are  complete  functioning  transistors  on  the  smallest 
possible  substrate  that  is  compatible  with  chip  size,  terminal  pins,  and 
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thermal-resistance  needs.  These  building  blocks  are  not  hermetic,  but  they 
have  a  protective  resin  on  the  chip.  Dual-purpose  terminal  pins  are  used 
for  clip-mounting  the  chip  to  the  substrate  and  for  module  circuit-interconnect 
terminals.  Grounded-collector  building  blocks  use  a  copper  or  molybdenum 
substrate  with  emitter  and  base  pins  brazed  to  ceramic  buttons  for  isolation. 
Isolated-collector  building  blocks  use  alumina  or  beryllia,  depending  upon 
the  power  requirement. 

The  building  block  approach  has  the  following  basic  features: 

a.  All  building  blocks  are  processed  optimally  and  independently 
of  the  common  module  substrate. 

b.  All  building  blocks  are  tested  individually  before  attachment 
to  the  modules  to  minimize  rejects. 

c.  knits  can  be  matched  closely,  both  electrically  and  for  parallel¬ 
ing  requirements. 

d.  An  inventory  of  building  blocks  can  be  established,  simplifying 
logistics  and  reducing  lead  time  for  both  assembly  and  new 
designs . 

e.  Building  blocks  solve  the  assembly  problem  of  chips  with 
different  metallurgical  mounting  systems,  such  as  gold  for  some 
chips  anti  solder  on  nickel  plate  for  other  chips. 

Building  blocks  have  an  advantage  under  the  following  conditions: 

a.  The  yield  per  chip  factored  by  the  number  of  chips  indicates  an 
uneconomic  composite  yield. 

b.  Close  electrical  matching  is  needed. 

c.  Removal  or  repair  is  needed. 

3.  OUTPUT-TRANSISTOR  BUILDING  BLOCKS 

Only  a  limited  fraction  of  the  standard  2N5775  population  met  the 
module  needs.  Chips  were  screened  for  80-volt  V  minimum  and  were  pulse 
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tested  at  70  amperes  for  beta,  Y^.,  and  V  .  After  device  chips  have  been 
mounted  to  a  special  rolybdenurn-on-copper  building  block  and  have  undergone 
surface  treatment,  they  are  retested  for  the  original  parameters  plus  an 
additional  kev  power-transistor  test,  the  power-rating  test  (PUT).  During 
this  test,  the  device  is  pulsed  with  a  voltage-current  product  that  takes  the 
device  to  sate-area-of-operat ion  limits.  Ibis  screening  test,  which  was 
developed  for  the  standard  power-device  line  and  extended  to  include  high- 
power  building  blocks,  has  correlated  very  well  with  module  performance.  Fnits 
passing  these  postmount  tests  are  encapsulated  and  are  inventoried  in  V 

lif. 

groups  for  module  assembly.  I'nits  needing  further  processing  are  recycled 
until  they  are  satisfactory  for  encapsulation  or  are  scrapped.  An  output- 
unit  building  block  is  shown  in  Figure  8. 

4.  DRIVER  TRANSISTOR 

The  same  basic  process  is  used  for  the  driver  and  the  output  tran¬ 
sistor  building  blocks,  but  different  substrates  are  used  for  isolation  and 
for  minimum  use  of  real  estate.  A  grounded-co  1  lec tor  2N'J2(v>  20-ampere  npn 
driver  is  shown  in  Figure  9.  An  isolated-collector  TA7279  8-ampere  pnp 
driver  is  shown  in  Figure  10. 

5.  TRANSISTOR  ASSEMBLY 

After  the  output  and  driver  transistor  building  blocks  have  been 
attached  to  the  main  module  heat  sink  by  a  high-tin-content  solder,  they  are 
given  another  electrical  check  before  they  are  interconnected.  The  yield  at 
this  point  has  been  very  high;  however,  a  decision  can  he  made  whether  to 
replace  a  defective  building  block  or  simply  not  to  interconnect  it.  A 
U-shaped  copper  emitter-interconnect  strap,  which  is  soldered  to  the  six 
emitter  connectors,  carries  the  400-ampere  current  to  the  external  terminal 
lug  with  negligible  losses.  The  400-ampere  collector  current  is  carried  by 
the  bodv  of  the  switch.  The  exterior  of  the  module  is  isolated  douhlv  by 
anodizing  and  epoxy  coating.  Except  for  the  output  stage,  most  of  the  inter¬ 
connect  ribbons  are  welded  to  the  flat  tops  of  the  terminal  pins  on  the 
ouilding  blocks. 
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Ihick-filrc  resistors  on  alumna  v.vre  checked  on  a  100-percent  basis 
for  resistance  and  v.ere  cheeked  on  a  sampling  'oasis,  on  separate  test  sub¬ 
strates,  for  power-handling  capabilitv.  Resistor  substrates  then  were  attached 
to  the  heat  sink  with  a  highly  filled  epoxv  and  cere  interconnected  into  the 
switch  circuit.  The  two  input  transistors  were  fabricated  in  TO- 4 6  packages 
and  were  soldered  to  the  input  resistor-conductor  substrate. 

Rower  resistors  and  input  network  subassemblies  are  shown  in  Figure  11. 
The  space  required  for  these  small  units  in  the  power  module  was  relatively 
insignificant  and  allowed  focusing  development  efiort  on  the  power  chip 
building  blocks. 

7.  SWITCH  MODULI.  ASSF.Mbl.Y 

A  fully  assembled  switch  module  is  shown  in  Figure  12.  The  philosophy 
used  in  assembly  was  to  ensure  that  only  good  transistor  chips  were  made  into 
building  biocks  and  that  only  good  building  blocks  were  attached  to  the  module 
heat  sink  and  interconnected. 

After  completing  the  interconnects  and  applying  a  final  resin  coating, 
the  nodule  is  checked  electrically.  An  anodized  cap  is  attached,  and  electrical 
performance  is  rechecked. 

Lxcept  for  the  output  stage,  most  of  the  interconnect  ribbons  are 
welded  to  the  flat  tops  of  the  terminal  pins  on  the  building  blocks. 

L.  FLFflRlCAL  TIFT S 

Tvpical  test  results  for  a  positive  switch  are  described  in  subsequent 
paragraphs.  lest  results  for  a  negative  switch  are  similar,  but  lower  values 


of  V  Con)  were  obtained. 


The  leakage  of  the  switch  is  about  20  mil liamperes  at  100°C  and  with 
100  volts  across  the  output  terminals.  The  leakage  is  about  0.02  milliampere 
across  the  drive  supply  terminals  at  100°C  and  with  20  volts  supplied.  This 
leakage  represents  an  "off"  dissipation  of  about  0.A  watt,  which  meets  the 
design  goal  of  low  "off"  dissipation.  These  leakages  were  measured  with  the 
input  terminals  open.  Figure  13  shows  waveforms  of  V^Con)  and  I  during  an 
"on"  pulse.  The  I  is  A00  amperes  near  the  end  of  the  pulse,  and  V  (on)  is 

C  Li- 

3.1  volts.  These  values  indicate  a  peak  module  dissipation  of  12A0  watts 
during  the  "on"  cycle;  average  power  dissipation  would  be  A10  watts  on  the 
basis  of  a  one-third  duty  cycle.  The  waveforms  in  Figure  13  were  obtained  at 
shorter  duty  cycles  so  that  the  equipment  could  be  adjusted  during  long-term 
operation.  These  switches  were  tested  also,  for  short  periods,  at  a  one-third 
duty  cycle.  Values  of  voltage  and  current  were  obtained  under  conditions 
similar  to  those  described  for  thermal  analysis,  Paragraph  II. E.  The  value 
of  V  g.(on)  obtained  is  the  value  that  would  be  expected  with  the  output 
Darlington  chips  sharing  current  equally. 

Switching  times  were  well  within  the  design  goals,  even  without  reverse 
or  turnoff  drive.  The  waveforms  of  Figure  1A ,  which  were  obtained  with  the 
oscilloscope  triggered  by  the  trailing  edge  of  the  input  pulse,  show  storage 
and  fall  times  of  10  microseconds  and  16  microseconds,  respectively.  Because 
switching  dissipation  losses  are  a  function  of  switching  time,  these 
reasonably  short  switching  times  help  to  minimize  dissipation  and  heating. 

The  waveform  of  Figure  15  shows  the  load  current  rise  time,  which  depends 
upon  circuit  inductance.  Because  circuit  inductance  limits  current  rise  time, 
dissipation  due  to  the  turn-on  time  of  the  switch  can  be  neglected.  These 
acceptable  switching  speeds  confirmed  the  original  design  philosophy:  using 
medium-frequency  transistors  in  the  lower  level  stages  in  which  second-break¬ 
down  problems  would  be  minimal;  and  using  slower,  more  rugged,  wide-basewidth 
hometaxial  devices  only  in  the  output  stage.  Total  switching  time  is 
virtually  the  same  as  that  of  the  output  chips  and  is  well  within  the  design 
goals . 
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Figure  15.  Rise  Tine  o!  Current  in  Switch 


F.  THERMAL  TESTS 


The  heat  sinks  of  individual  switch  modules  have  the  maximum  allowable 
mass  of  aluminum.  Most  of  the  heat  energy  is  absorbed  by  individual  module 
heat  sinks,  with  only  a  small  amount  of  heat  transferred  to  the  retainer  ring 
and  from  switch  to  switch.  Although  all  switches  were  monitored  for  unusually 
high  temperatures  and  for  temperature  rises  during  high-current  testing, 
positive  switch  module  12  was  subjected  to  a  special  thermal  test.  The  switch 
was  encapsulated  but  was  not  capped,  and  the  module  was  tested  while  it  was 
resting  upon  a  thermally  insulated  surface.  The  conditions  of  the  test  were 
as  follows: 

a.  I  =  300  amperes 

b.  V^Con)  =  3.0  volts 

c.  On  time  =1.7  milliseconds 

d.  Duty  cycle  =  one-third  (5-millisecond  repetition  rate) 

Temperature  probes  were  placed  at  three  points  on  the  module:  on  the 
emitter  strap,  directly  above  the  output  chip;  on  the  copper  plate,  near  the 
molybdenum  block;  and  on  the  aluminum  heat  sink,  near  the  copper  plate. 
Temperatures  initially  and  after  15  and  30  seconds  of  operation  are  shown  in 
Table  II. 


TABLE  II. 

SPECIAL  THERMAL  TEST  RESULTS 

Temperature  (°C) 

Probe 

0 

15 

30 

Location  Seconds 

Seconds 

Seconds 

Emitter  strap 

32 

76 

113 

Copper  plate 

32 

70 

105 

Aluminum  heat  sink 

32 

67 

103 

The  amount  of  heat  energy 

(HE)  in 

joules  dissipated 

during  this  test  is 

product  of  power  in  watts 

and  the 

time,  30  seconds. 

Dissipated  power  is 

29 


the  sum  of  the  saturation  losses  and  the  bias  supply  dissipation.  Total  heat 
energy  dissipated  during  the  test  cycle,  therefore,  is  as  follows: 

HE  =  ^ '3Q°  X  y  (1°  X -1-°)  j  x  30  joules  =  10,000  joules 

The  average  energy  dissipated  by  the  switches  in  the  modules  is  400  amperes  x 
3.0  volts  x  20  seconds  =  8650  joules.  The  dissipation  during  the  special 
thermal  test  was  slightly  more  severe  than  the  average  switch  module  dissipa¬ 
tion. 


Values  of  thermal  resistance,  thermal  capacitance,  and  thermal  time  con¬ 
stant  were  calculated  for  the  output-chip  mounting.  The  values  are  shown  in 
Table  III. 

TABLE  III.  CALCULATED  THERMAL  VALUES 
FOR  OUTPUT-CHIP  MOUNTING 


Part 

Thermal 

Resistance 

(°C/W) 

Thermal 

Capacitance 

(Joules/°C) 

Thermal 
Time  Constant 
(ms) 

Silicon  chip 

2.88 

X 

CM 

1 

o 

r— I 

2.5 

x  10-3 

0.072 

Lead  solder 

2.14 

X 

io-2 

3.5 

x  10-3 

0.074 

Molybdenum  block 

1.5 

X 

io-1 

2.9 

x  10_1 

43.0 

Copper  plate 

2.2 

X 

CM 

1 

o 

H 

4.1 

x  10_1 

9.0 

Aluminum  heat  sink 

1.05 

X 

10_1 

2 

.06 

210.0 

(region  adjacent 
to  device) 


Instantaneous  power  per  output  chip  is 


300  x  3 


instant 


150  watts 


Average  power  is  one-third  of  the  instantaneous  power  or  50  watts. 

Because  the  thermal  time  constants  of  the  silicon  chip  and  the  lead  solder 
are  shorter  than  the  "on"  pulse,  values  of  instantaneous  power  will  be  used 
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to  calculate  chip  temperature.  Because  the  thermal  time  constant  of  the 
molybdenum  block  is  longer  than  the  period  of  the  "on"  pulse,  values  of 
average  power  will  be  used.  Chip  temperature,  therefore,  is 

T  (peak)  =  P.  „  .  (6_.  +  6p,  )  +  P(av)  (6  )  +  T 

junction  v  instant  Si  Pb  Mo  Cu 

=  150  (0.03  +  0.02)  +  50  (0.15)  +  113 
=  128°C 


where 

0  =  thermal  resistance  of  silicon 

Gpk  =  thermal  resistance  of  lead 

0.,  =  thermal  resistance  of  molybdenum 

Mo 

If  the  heat  sink  had  been  at  the  worst-case  ambient  of  52°C,  instantaneous 
peak  temperature  would  have  been  20°C  higher  or  148°C.  This  temperature  is  a 
safe  operating  junction  temperature;  therefore,  one  operating  cycle  appeared 
feasible. 


O 
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SECTION  III 


CONCLUSIONS 

The  work  performed  on  this  program  demonstrated  that  a  lightweight,  com¬ 
pact  hybrid  switch  can  be  built  that  is  capable  of  switching  400  amperes  with 
good  switching  speed  and  with  a  blocking  voltage  of  80  volts.  Parallel  out¬ 
put  and  driver  stages  combined  with  the  building-block  concept  provide  a 
reasonable  fabrication  approach.  Thermal  analysis  and  measured  data  indicate 
that  heat  sinking  and  heat  removal  must  be  improved  to  provide  a  full  three- 
start  capability. 
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SECTION’  IV 


RECOMMENDATIONS 


RCA  has  invested  substantial  engineering  effort  over  the  past  several 
years  in  the  design  and  development  of  high-power  hybrid  modules.  Based  upon 
this  effort  and  the  experience  gained  while  working  on  these  switches  and  upon 
a  better  understanding  of  the  electrical  and  thermal  behaviors  of  these  modules 
and  components,  RCA  has  proposed  to  Lear  Siegler  a  new  modulp  design  that  will 
satisfy  fully  the  requirement  for  three  consecutive  starts  and  will  provide  a 
more  suitable  design  for  economic  manufacture. 

The  proposed  design  has  eight  output-transistor  chips,  instead  of  six 
chips,  and  has  power-sharing  diodes  in  series  with  the  output  collectors.  These 
additional  components  will  reduce  the  dissipation  in  each  output  transistor  by 
more  than  50  percent.  These  two  changes  are  the  major  changes  necessary  to 
obtain  three-start  capability. 

Additional  clearances  between  the  building  blocks  in  the  module  and  an 
improved  interconnect  scheme  will  make  the  modules  easier  to  assemble  and 
repair,  thus  leading  to  a  minimum  number  of  rejects.  This  new  arrangement, 
however,  requires  additional  volume.  The  proposed  design  also  makes  maximum 
use  of  parts  that  are  common  to  RCA  commercial  power  hybrid  module  programs. 

Use  of  these  parts  will  lead  to  lower  costs  due  to  purchasing  savings  at  the 
higher  volume. 

In  summarv,  the  experience  gained  in  making  the  present  modules  has  en¬ 
abled  RCA  to  project  a  second-generation  design  of  considerably  improved  per¬ 
formance.  The  major  improvements  are  as  follows:  two  additional  output  chips; 
incorporation  of  power-sharing  diodes;  and  a  building  block  lavout  and  an 
interconnect  arrangement  that  are  more  suitable  for  manufacture. 
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